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PREFACE. 


This  book  is  divided  into  three  parts:  the  first  treats  of  the 
Geometry  of  Machinery;  the  second  of  the  Dynamics  of  Ma- 
chinery; and  the  third  of  the  Materials,  Strength,  and  Con- 
struction of  Machinery. 

Under  the  head  of  the  Geometry  of  Machinery,  machines  are 
considered  with  reference  to  the  comparative  motions  only  of 
tbeir  moving  parts ;  and  rules  are  given  for  designing  and  arrang- 
ing those  parts  so  as  to  produce  any  given  comparative  motion. 

Considering  that  the  object  of  such  rules  is  to  adjust  the  dimen- 
sions of  the  parts  of  machines  by  processes  of  practical  geometry, 
I  have  thought  it  advisable  to  solve  every  question  by  drawing, 
rather  than  by  calculation,  except  in  a  few  special  cases  where 
calculation  is  indispensable. 

Many  of  the  graphic  rules  thus  obtained  are  made  more  easy 
and  accurate,  and  some,  indeed,  are  made  possible  which  were  not 
so  before,  by  the  aid  of  new  methods  of  measuring  and  laying  off 
the  lengths  of  curved  lines. 

Two  chapters  of  the  first  part  are  devoted  to  the  detailed  con- 
sideration of  the  movements  of  single  pieces  in  machines.  The 
remainder  of  the  part  relates  to  Pure  Mechanism,  as  defined  and 
reduced  to  a  system  by  Professor  Willis.  The  order  in  which 
the  various  combinations  in  mechanism  are  treated  of  is  different 
from  that  adopted  by  him ;  but  the  principles  are  the  same. 

Several  problems  in  mechanism  are  solved  by  methods  which, 
so  far  as  I  know,  have  not  hitherto  been  published;  and  which 
possess  advantages  in  point  of  ease  or  of  accuracy.  I  may  specify, 
in  particular,  the  drawing  of  rolling  curves,  and  of  some  kinds  of 
cams;  the  construction  of  the  figures  of  teeth  of  skew-bevel  wheels, 
and  of  threads  of  gearing  screws,  by  the  help  of  the  normal  section ; 
and  some  improvements  in  the  details  of  processes  for  designing 
intermittent  gear,  link-motions,  and  parallel  motions. 

Under  the  head  of  the  Dynamics  of  Machinery  are  considered 
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the  forces  exerted  and  the  work  done  in  machines;  the  mean 
measuring  those  quantities  by  indicators  and  dynamometers, 
determining  and  balancing  the  reactions  of  moving  masses 
machines,  and  of  regulating  work  and  speed;  and  the  efficiency 
proportion  in  which  the  useful  work  is  less  than  the  total  work 
the  different  sorts  of  moving  pieces,  and  in  their  various  combi 
tions. 

Considering  that  a  convenient  single  word  is  wanted  to  dec 
the  proportion  in  which  the  total  work  in  a  machine  is  gra 
than  the  useful  work,  I  have  ventured  to  propose  the  word  Count 
efficiency  for  that  purpose. 

Under  the  head  of  the  Materials,  Strength,  and  Constructiot 
Machinery  are  considered,  first,  the  properties  of  various  materi 
as  affecting  their  treatment  and  use  in  the  construction  of  machir 
secondly,  the  general  principles  of  the  strength  of  materials;  thin 
the  special  application  of  those  principles  to  questions  relating 
the  strength  and  the  construction  of  various  parts  of  machir 
and  fourthly,  the  principles  of  the  action  of  cutting  tools. 

Great  care  has  been  taken  to  ascertain  the  values  of  the  fac 
of  safety  and  of  the  working  stress  in  successful  examples  of  act 
machinery;  and  some  of  the  problems  respecting  the  strengtl 
special  parts  of  machines  have  not  been  published  previously  exc 
in  scientific  journals  and  in  lectures. 

Authorities  for  facts  and  information  are  cited  where  it 
necessary  to  do  so.  The  following  works  are  so  frequently  refer 
to,  that  it  may  be  desirable  to  mention  them  here  specially : — 

Willis  On  Mechanism,  first  edition,  1841 ;  second  edition,  IS 

Fairbairn  On  MiUtvork. 

Holtzapffel  On  Mechanical  Manipulation. 

Buchanan  On  Millwork;  edited  by  Tredgold  and  G.  Ren> 

with  an  Essay  on  Tools  by  Nasmyth. 

W.  J.  M.  R 


The  Seventh  Edition  has  been  revised,  and  additional  mat 
relating  to  recent  improvements  added  to  Appendix. 

W.  J.  M. 

Glasgow,  May,  1893, 
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A  MANUAL  OF  MACHINERY  AND  MILLWORK. 


INTRODUCTION 


ART.  1.  Ifanree  sad  U««  «f  machinery  la  General.— The  use  of 
machinery  is  to  transmit  and  modify  motion  and  force.  The  parts  of 
which  it  consists  may  be  distinguished  into  two  principal  divisions, — 
the  Mechanism,  or  moving  parts;  and  the  Frame,  being  the  structure 
which  supports  the  pieces  of  the  mechanism,  and  to  a  certain  extent 
determines  the  nature  of  their  motions.  In  the  action  of  a  machine 
the  following  three  things  take  place: — First,  Some  natural  source 
of  energy  communicates  motion  and  force  to  a  part  of  the  mechan- 
ism called  the  Prime  Mover;  Secondly,  The  motion  and  force  are 
transmitted  from  the  prime  mover  through  the  train  of  mechanism 
to  the  working  piece;  and  during  that  transmission  the  motion  and 
force  are  modified  in  amount  and  in  direction,  so  as  to  be  rendered 
suitable  for  the  purpose  to  which  they  are  to  be  applied;  and, 
Thirdly,  The  working  piece,  by  means  of  its  motion,  or  of  its  motion 
and  force  combined,  accomplishes  some  useful  purpose. 

2.  Distinction  between  the  Geometry  and  the  Dynamic*  of  Ma* 
ehinery. — The  modification  of  motion  in  machinery  depends  on  the 
figures  and  arrangement  of  the  moving  pieces,  and  the  way  in 
which  they  are  connected  with  the  frame  and  with  each  other;  and 
almost  all  questions  respecting  it  can  be  solved  by  the  application 
of  geometrical  principles  alone.  The  modification  of  force  depends 
on  the  modification  of  motion;  and  those  two  phenomena  always 
take  place  together;  but  in  solving  questions  relating  to  the  modi- 
fication of  force,  the  principles  of  dynamics  have  to  be  applied  in 
addition  to  those  of  geometry.  Hence,  in  treating  of  the  art  of 
designing  machinery,  arises  a  division  into  two  departments, — the 
"Geometry  of  Machinery"  or  "Science  of  Pure  Mechanism,"  (to  use 
a  term  introduced  by  Professor  Willis),  which  shows  how  the  figure, 
arrangement,  and  mode  of  connection  of  the  pieces  of  a  machine 
are  to  be  adapted  to  the  modification  of  motion  whicAi  t\\e^  avvi  to 
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produce;  and  the  "Dynamics  of  Machinery"  which  shows  what 
modifications  of  force  accompany  given  modifications  of  motion, 
and  what  modifications  of  motion  are  required  in  order  to  produce 
given  modifications  of  force. 

3.  strength  of  Machinery.— In  order  that  a  machine  may  he  fit 
for  use,  every  part,  both  of  the  machinery  and  of  the  framework, 
must  be  capable  of  bearing  the  utmost  straining  action  which  can 
be  exerted  upon  it  during  the  working  of  the  machine,  without  any 
risk  of  being  broken  or  overstrained ;  and  the  dimensions  required 
for  that  purpose  are  to  be  determined  by  the  proper  application  of 
the  principles  of  the  strength  of  materials. 

4.  The  Art  of  the  Construction  of  Machinery  consists  of  three  de- 
partments,— the  selecting  and  obtaining  of  suitable  materials  for  the 
parts  of  the  mechanism  and  framework ;  the  shaping  of  those  parts 
to  the  proper  figures  and  dimensions  by  means  of  suitable  tools; 
and  the  titting-up  of  the  machine,  by  putting  its  parts  together. 

5.  Dirision  of  the  Subject.— For  the  reasons  explained  in  the 
preceding  Articles,  the  subjects  of  this  work  are  treated  of  under 
four  principal  heads, — Geometry  of  Machinery,  or  Pure  Mechanism; 
Dynamics  of  Machinery;  Materials,  Construction,  and  Strength  of 
Machinery. 
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GEOMETRY  OF  MACHINERY. 


CHAPTER  L 


ELEMENTARY  RULES  IN  DESCRIPTIVE  GEOMETRY. 

Section  I. — General  Explanations — Projection  of  Points  and  Lines. 

6.  Deaeriptire  Geometry  is  the  art  of  representing  solid  figures 
upon  a  plane  surface.  In  the  present  chapter  are  given  some 
general  elementary  rules  in  that  art,  whose  application  is  of 
very  frequent  occurrence  in  designing  mechanism.  The  more 
special  and  complex  rules  will  be  given  in  the  ensuing  chapters,  in 
treating  of  the  particular  kinds  of  mechanism  to  which  those  rules 
belong.* 

7.  By  the  Projection  of  a  Point  upon  a  given  plane  is  meant 
the  foot  of  a  perpendicular 
let  fall  from  the  point  on  ^- 
the  plane.  For  example, 
in  fig.  1,  X  Z  Z  X  repre- 
sents a  plane  (called  a 
plane  of  projection),  A  a 
]x>int,  and  A  B  a  perpen- 
dicular let  fall  from  the 
point  on  the  plane;  the 
foot,  B,  of  that  perpen- 
dicular is  the  projection 
of  the  point  A  on  the 
plane  X  Z  Z  X. 

8.    The     Position    of   a 

Point  is  completely  deter- 
mined when  its  projections  upon  two  planes  not  parallel  to  each 
other  are  known.  In  descriptive  geometry  a  pair  of  planes  of 
projection  at  right  angles  to  each  other  are  used;  and  in  general 
one  of  these  is  vertical  and  the  other  horizontal.     Thus,  in  fig.  1, 

*  For  complete  information  on  the  subject  of  descriptive  geometry,  refer- 
ence may  be  made  to  the  works  of  Monge  and  Hachette  in  French.,  and  ot 
Dr.  Woolley  in  English. 


Fig.  1. 
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X.  Z  Z1L  is  the  vertical  plane  of  projection,  and  X  Y  Y  X  the 
horizontal  plane  of  projection;  B  is  the  vertical  projection,  and  C 
the  horizontal  projection  of  the  point  A ;  and  those  two  projections 
tompletely  determine  the  position  of  the  point  A;  for  no  other 
point  can  have  the  same  pair  of  projections. 

9.  The  Axis  «f  Project!**  is  the  line  X  X,  in  which  the  two 
planes  of  projection  cut  each  other. 

10.  Rabatment. — When  the  two  projections  of  an  object  are 
shown  in  one  drawing,  it  is  convenient  to  represent  to  the  mind 
that  the  following  process  has  been  performed : — Suppose  that  the 
vertical  plane  of  projection  is  hinged  to  the  horizontal  plane  at  the 
axis  X  X,  aud  that  after  the  projection  of  the  object  on  the  vertical 
plane  has  been  made,  that  plane  is  turned  about  that  axis  until  it 
lies  flat  in  the  position  X22X,  so  as  to  be  continuous  with  the 
horizontal  plane :  thus  bringing  down  the  projection  B  to  b.  This 
process  is  called  the  rabaiment  of  the  vertical  plane  upon  the 
horizontal  plane  (to  use  a  term  borrowed  from  the  Frencli 
"rabaltement"  by  Dr.  Woolley).  The  two  points  C  and  b  are  in 
one  straight  line  perpendicular  to  X  X.  The  process  of  rabatment 
may  be  conceived  also  to  be  performed  upon  a  plane  in  any  position 
when  a  figure  contained  in  that  plane  is  shown  in  its  true  dimen- 
sions on  one  of  the  planes  of  projection. 

1 1 .  Projection*  of  Lines. — The  projection  of  a  line  is  a  line  con- 
taining the  projections  of  all  the  points  of  the  projected  line.  The 
projection  of  a  straight  line  perpendicular  to  the  plane  of  projection 
is  a  point;  for  example,  the  projection  on  the  vertical  plane, 
XZZX  (fig.  1 ),  of  the  straight  line  A  B,  perpendicular  to  that 
plane,  is  the  point  B.  The  projection  of  a  straight  line  in  any 
other  position  relatively  to  the  plane  of  projection  is  a  straight 
line.  If  the  projected  line  is  parallel  to  the  plane  of  projection, 
its  projection  is  parallel  and  equal  to  the  projected  line  itself;  thus 
the  projection  on  the  horizontal  plane,  X  Y  Y  X,  of  the  horizontal 
straight  line  A  B,  is  the  parallel  and  equal  line  C  D.  If  the  pro- 
jected line  is  oblique  to  the  plane  of  projection,  the  projection 
is  shorter  than  the  original  line. 

The  projections,  on  the  same  plane,  of  parallel  and  equal  straight 
lines  are  parallel  and  equal.  The  projections,  on  the  same  plane, 
of  parallel  lines  bearing  given  proportions  to  each  other  are 
parallel  lines  bearing  the  same  proportions  to  each  other.  When 
the  plane  of  a  plane  curved  line  is  perpendicular  to  a  plane  of 
projection,  the  projection  of  the  curve  on  this  plane  is  a  straight 
line,  being  the  intersection  of  the  plane  of  the  curve  with  the  plane 
of  projection.  When  the  plane  of  the  projected  curve  is  parallel 
to  a  plane  of  projection,  the  projection  of  the  curve  on  this  plane 
is  similar  and  equal  to  the  original  curve.  In  all  other  cases,  it 
follows  from  the  preservation  of  the  proportions  of  a  set  of  parallel 
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ordinates  amongst  tbeir  projections,  tbat  the  projections  of  a  plane 
curve  of  a  given  algebraical  order  are  curves  of  the  name  algebraical 
order.  The  projections  of  a  circle  are  ellipses ;  the  projections  of  a 
parabola  of  a  given  order  are  parabolas  of  the  same  order.  The 
projections  of  a  straight  tangent  to  a  plane  curve  are  straight 
tangents  to  the  projections  of  that  curve.  The  projections  of  a 
point  of  contrary  flexure  in  a  plane  curve  are  points  of  contrary 
flexure  in  its  projections. 

12.  Drawings  «f  a  Machine. — A  third  plane  of  projection,  per- 
pendicular to  the  first  two,  is  often  employed,  not  as  being 
mathematically  necessary,  but  as  being  more  convenient  for  the 
representation  of  certain  lines.  Thus,  for  example,  the  drawings 
of  a  machine  usually  consist  of  three  projections  on  three  planes  at 
right  angles  to  each  other;  one  horizontal  (the  plan),  and  the  other 
two  vertical  (the  elevations).  Any  two  of  those  projections  are 
mathematically  sufficient  to  show  the  whole  dimensions  and  figure 
of  the  machine ;  and  from  any  two  the  third  can  be  constructed ; 
but  it  is  convenient,  for  purposes  of  measurement,  calculation,  and 
construction,  to  have  the  whole  three  projections. 

In  the  application  of  the  rules  about  to  be  stated  in  the  sequel 
of  this  Section,  the  two  plaues  of  projection  may  be  held  to  repre- 
sent any  two  of  the  three  views  of  a  machine ;  and  the  axis  of 
projection  will  then  have  the  directions  stated  in  the  following 
table : — 

Views  Represented  by  the  Planes  of  Direction  of  the  Axis 

Projection.  of  Projection. 

Longitudinal  Elevation  and  Plan, Longitudinal 

Longitudinal  and  Transverse  Elevations, Vertical. 

Plan  and  Trausverse  Elevation, Transverse. 

Projections  of  figures  upon  planes  oblique  to  the  principal  planes 
of  projection  may  be  used  for  special  purposes. 

Section  II.  —  Traces  of  Lines  and  Surfaces. 

13.  By  a  Trace  is  meant  the  intersection  of  a  line  with  a  sur- 
face, or  of  one  surface  with  another.  The  trace  of  a  line  upon 
a  surface  is  a  point;  the  trace  of  one  surface  upon  another  is  a 
line. 

In  descriptive  geometry  the  term  traces  is  specially  employed, 
when  not  otherwise  specified,  to  denote  the  intersections  of  a  line 
or  surface  with  the  planes  of  projection. 

14.  Trncei  of  a  Mtrni-ht  Line— The  position  of  a  straight  line  is 
completely  determined  when  its  traces  are  known.     For  example, 
♦,he  straight  line  A  C,  in  fig.  2,  has  its  position  com\Actc\y  uctex- 
mined  by  its  truces,  A  and  C,  being  the  points  w\ieve  it  cute  \\vs 
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two  planes  of  projection.     The  rabatment  of  the  trace  C  is  repr 
aented  by  a 

A  straight  line  parallel  to  one  of  the  planes  of  projection  In 

only  one  trace,  being  tl 
K  ^^  point  where  it  cnts  tl 

other  plane  of   proje 
tion. 

A  straight  line  pan 
lei  to  the  axis  of  proje 
tion  has  no  traces. 

15.   The   Traces  of 

Plane  are  straight  lin 
which  (unless  they  a 
both  parallel  to  the  as 
of  projection)  meet  th 
axis  in  one  point  T 
position  of  a  plane 
completely  determin 
when  its  traces  s 
known.  For  example,  the  plane  A  B  C,  in  fig.  2,  has  its  positi 
completely  determined  by  its  traces,  B  A  and  B  C. 

A  plane  perpendicular  to  one  of  the.  planes  of  projection  has 
trace  on  the  other  plane  of  projection  perpendicular  to  the  axis 
projection.     A  plane  perpendicular  to  both  planes  of  projecti 
has  for  its  traces  two  lines  perpendicular  to  the  axis.     Thus, 
%*  1>  P^6  3,  the  traces  of  the  plane  A  B  C  D  are  D  C  and  D 
both  perpendicular  toXX. 

A  plane  parallel  to  one  of  the  planes  of  projection  has  a  trace 
the  other  plane  of  projection  only,  being  a  straight  line  paral 
to  XX. 

If  a  plane  traverses  a  straight  line,  the  traces  of  the  pla 
traverse  the  traces  of  the  line. 


Fig.  2. 


Section  III. — Rides  Relating  to  StraiglU  Lines. 


16.  General  Explanation*.— In  each  of  the  figures  illustrati 
the  following  rules  the  axis  of  projection  is  represented  by  X  ] 
and  in  general  the  part  of  the  figure  above  that  line  represei 
the  rabatment  of  the  vertical  plane  of  projection,  and  the  pi 
below,  the  horizontal  plane  of  projection.  The  projections 
points  on  the  horizontal  plane  are  in  general  marked  wi 
capital  letters,  and  the  projections  on  the  vertical  plane  with  sm 
letters. 

17.  Grren  (in  fig.   3),   the    Traces*  A,  6,    «f  a   Straight   Line, 

Draw  Um  Projections.— From  A  and  b  let  fall  A  a  and  b  B  perpc 
dicular  to  XX.     Then  a  will  be  the  vertical  projection  of  t 
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Fig.  8. 


trace  A,  and  B  the  horizontal  projection  of  the  trace  b.     Join  a  b, 
A  B;  these  will  be  the  projections  required. 

(It  may  here  be  remarked,  that  a  A  and  a  b  are  the  traces  of  a 
plane  traversing  the  given  line,  and  perpendicular  to  the  vertical 
plane  of  projection  >  and  that  B  A  and  B  b  are  the  traces  of  a  plane 
traversing  the  given  line,  and  perpendicular  to  the  horizontal  plane 
of  projection.) 

18.  Ctrrea   (in  fig.  3),  the  Projections,  A   B,    a  bf   of  a  Straight 

La*,  i#  Fta*  its  Trace*. — From  a  and  B,  where  the  given  projections 

meet  the  axis,  draw  a  A  and 

B  b  perpendicular  to  X  X,  cut-  * 

ting  the  given  projections  in  A 

and  b  respectively.   These  points 

will  he  the  required  traces. 

19.  Crimea,  the  Projection*  of 

iw»  Point*,  A,  a,  B,  b  (fig.  4), 

re  the  Distance  between 

roin  a  o,  A  B;  these  will 
be  the  projections  of  the  straight 
line  to  be  measured.  Through 
either  end  of  either  of  those 
projections  (as  b)  draw  dbe  parallel  to  X  X ;  through  the  other  end, 
c,  of  the  same  projection,  draw  a  d  perpendicular  to  X  X,  cutting 
dbe'md;  make  d  e  =  the  other  projection,  A  B;  join  a  e;  this 
will  be  the  length  required. 

The  same  operation  may  be  performed  on  the  other  plane  of 
projection. 

20.  Girea  (in  fig.  4),  the  Projections,  A,  a,  of  a  Point,  and  the 
Projections,  A  B,  a  6,  of  a  Straight 
U»e  taroagh  that  Point*  to  Lay  off 
•  giroi  Distance  from  the  Point 
•hag  ike  Line.  —  In  any  con- 
venient position,  draw  a  straight 
line,  B  6,  perpendicular  to  X  X, 
meeting  the  projections  of  the 
given  straight  line  in  two  points, 
B,  &,  which  are  the  projections  of 
one  point;  then  perform  the  con- 
struction described  in  Article  19, 
80  as  to  find  a  e.  From  the  point 
fl»  in  the  line  a  e,  lay  off  the  given 
distance,  a  /.  Through  /  draw 
fh  parallel    to    X  X,    cutting 

a  &  in  g ;  a  g  will  be  one  of 
the  projections  of  the  given  dis- 
knce.    Then   draw  g  G  perpen- 


Fig.  4. 


O  GEOMETRY  OP  MACHINERY. 

dicular  to  X  X,  cutting  A  B  in  G ;  AG  will  be  the  other  projection 
of  the  given  distance. 

Another  method  of  finding  G  is  to  lay  off  A  G  =  hf. 

21.  Ciren  (in  fig.  4),  the  Projection*  a  b,  A  B,  of  a  fttraight  Late, 
to  Find  the  Angle  which  it  mnlceo  with  One  ot  the  Plnnes  of  Pro* 

jection  (for  example,  the  horizontal  plane). — Perform  the  construc- 
tion described  in  Article  19;  then  d  e  a  is  the  angle  made  by  the 
given  line  with  the  horizontal  plane.  The  same  construction, 
performed  in  the  horizontal  plane  of  projection  will  give  the  angle 
made  by  the  given  line  with  the  vertical  plane  of  projection. 

22.  Given  (in  fig.  5),  the  Projections,  a  b  and  A  B,  a  c  and  A  C, 
of  a  Pair  of  Straight  Unes  which  Intersect  each  other  in  the  Point 
whose  Projections  are  a,  A,  to  And  the  Angle  between  those  Lines. — 

In  either  of  the  planes  of  projection  (for  example,  the  vertical 


Tig.  5. 


plane)  find  the  points,  d,  e,  where  the  projections  of  the  given  line 
cut  the  axis  X  X ;  these  will  be  also  the  vertical  projections  of  the 
horizontal  traces  of  the  lines.  Through  e  and  d  draw  e  E,  d  D, 
perpendicular  to  X  X,  cutting  A  C  and  A  B  in  E  and  D  respec- 
tively; these  points  will  be  the  horizontal  traces  of  the  lines.  Join 
D  E  (which  will  be  the  horizontal  trace  of  the  plane  containing 
the  lines),  and  on  it  let  fall  the  perpendicular  F  A.  Join  A  a 
(which  of  course  is  perpendicular  to  X  X);  let  it  cut  XX  in  G. 
Make  G/=  A  F,  and  join  a  f.  In  F  A  produced,  take  F  H  =  a/; 
join  HE,  HD;EHD  will  be  the  angle  required. 

Remark. — The  triangle  E  H  D  is  the  rabatinent  upon  the 
horizontal  plane  of  the  triangle  whose  projections  are  E  A  D 
and  ead. 


RULES   BELATING  TO  PLANES. 


22  A.  Given  (in  fig.  5),  f be  Projection*,  a  b  and  A  B,  tf  ■  fltralght 
Ian,  and  Om  Trace  (say  D  E)  of  a  Plane  Traversing  that  Line,  to 
rial  i*e  Protection*  of  a  fttrnlght  Line  which  shall,  nt  a  glren  Point, 
a,  A,  sake  a  given  Angle  In  the  glren  Plane  with  the  given  Straight 

u».— Join  A  a,  which  will  be  perpendicular  to  X  X.  On  D  E 
let  fitU  the  perpendicular  A  F.  In  X  X  take  G/=AFj  join 
•/  Id  F  A  produced  take  F  H  =  af.  Join  H  D;  and  draw 
H  E,  making  DHE  =  the  given  angle,  and  cutting  D  E  in  E. 
From  E  let  fall  E  e  perpendicular  to  X  X ;  join  A  E,  a  e;  these 
will  be  the  projections  of  the  line  required. 


Section  IV. — Rules  Relating  to  Planes. 

23.  Given,  the  Projections  of  Three  Points,   to   draw   the   Trace* 

•fa  plane  Panting  through  then.— Draw  straight  lines  from  one 
of  the  points  to  the  two  others ;  find,  by  Article  18,  the  traces  of 
those  straight  lines;  through  those  traces,  on  the  two  planes  of 
projection  respectively,  draw  two  straight  lines;  these  will  be  the 
traces  required. 

23  A.  Glren,  the  Projection*  of  Two  Point*  and  of  n  Straight  Line, 
I*  Draw  the  Trace*  of  n  Plane  Traversing  the  Point*  and  Parallel 

i*  i»«  um. — Through  the  projections  of  either  of  the  given  points 
<lraw  straight  lines  parallel  respectively  to  the  corresponding  pro- 
jections of  the  given  line;  these  will  be  the  projections  of  a  straight 
line  through  the  given  point,  parallel  to  the  given  straight  line; 
then,  by  Article  23,  find  the  traces  of  a  plane  traversing  the  new 
straight  line  and  the  other  given  point. 

24  Given  (in   fig.    6),  the  Traces  of  a  Plane,  B  A,  B  C,   to  Find 
the  Angle   which    It   makes   with   one   of   the    Planes   of  Projection 

(for  example,  the  vertical  plane). 
—From  any  convenient  point, 
A,  in  the  horizontal  trace  let  fall 
A  D  perpendicular  to  X  X. 
From  D  let  fall  D  e  perpen- 
dicular to  B  C.  In  D  B  lay  off 
D/  =  D  e.  Join  /A  (this  will 
represent  the  perpendicular  dis- 
tance from  BC  of  the  point 
*hoee  projections  are  D  and  A). 
A/D  will  be  the  angle  re- 
quired. 

23.  Glren  (in  fig.  7),  the  Trace* 
«  a  Plane.  B  A,  B  C,  to  Find 
**  Angle  which  it  make*  with 
n*  Axis  »f  Projection,  X  X. — 

In  either  of  the  two  traces  (for 


a,\ 


Fig.  6. 
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example,  B  A)  take  any  convenient  point,  A,  from  which  let  fall 
A  D  perpendicular  to  X  X,  and  on  B  D  as  a  diameter  describe  a 
circle,     From  D  let  fall  perpendiculars,  D  e,  D  F,  on  the  two  given 

traces.  From  the  point 
e,  thus  found  on  the  op- 
posite trace  to  that  on 
which  the  point  A  was 
assumed,  let  fall  e  £  per- 
pendicular to  X  X ;  join 
E  A,  cutting  D  F  in  G. 
From  G  draw  G  H  per- 
pendicular to  X  X,  cut- 
ting the  circle  in  H; 
D  B  H  will  be  the  re- 
quired angle. 

26.   curat  (in  fig.  7), 

the  Traces  of  a  Plane* 
B  A,  B  C,  !•  Draw  the 
Traces  of  another  Plane 
which  shall  he  Parallel  f 


the  given  Plane*  and  at  m 
girea   Perpendicular   Dfe. 

lance    from    it    in     either 

Direction. — Complete  the 
Fig.  7.  construction  described  in 

Article  25.  Join  D  H 
(this  represents  the  perpendicular  distance  of  the  point  D  in 
the  axis  from  the  given  plane);  then  from  H,  along  H  D  (or 
along  D  H  produced,  according  to  the  direction  in  which  the 
new  plane  is  to  lie),  lay  off  the  given  perpendicular  distance 
between  the  planes,  H  K.  From  K  draw  K  M  parallel  to  H  B, 
cutting  XX  in  E  From  M  draw  M  N  parallel  to  B  C,  and 
M  L  parallel  to  B  A;  these  will  be  the  traces  of  the  plane 
required. 

Or  otherwise : — Complete  the  construction  described  in  Article 
24  (see  fig.  8).  Ay  is  the  rabatnient  of  the  intersection  of  the 
given  plane  with  a  plane,  A  D  e,  perpendicular  to-  the  ver- 
tical trace  B  C.  Through  A  draw  A  M  perpeudicular  to  A>ff 
and  make  A  M  equal  to  the  given  distance  between  the  planes; 
-draw  M  N  parallel  to  A/}  cutting  X  X  in  N  In  De  produced 
take  D  0  equal  to  D  N.  O  is  a  point  in  the  trace  of  the  plane 
required.  Through  O  draw  O  P  parallel  to  B  C,  cutting  X  X  in 
P ;  and  through  P  draw  P  Q  parallel  to  B  A.  0  P  Q  is  the  plane 
required. 

27.  Given  (in  fig.  9),  the  Traces  of  Two  Plane*,  CAdmmd  C  Bd, 
to  Draw  the  Projections  of  their  Line  of  Intersection. — The  traces  of 
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the  required  line  are  C  and  d,  where  the  traces  of  the  given 
pines  intersect.     From  those  points  respectively  let  fall  C  c  and 


Fig.  8. 


d  D  perpendicular  to  X  X;  join  C  D,  e  d\  these  will  be  the 
projections  required. 

fe.  To  Find  the   Projections  of  the 
»ere  m  Straight  Une  Intersects 

(the  traces  of  the  line  and  of 

the   plane    being  given),   it  is   only 

necessary  to  draw  the  traces  of  two 

planes  traversing   the  given   line  in 

convenient    directions,   and  find   the 

projections  of  the  lines  in  which  those 

two  planes  cut  the  given  plane;  the 

intersections  of  those  projections  will  Fig>  9. 

fethe  projections  of  the  point  required. 

29.  Given  (in  fig.  10),  the  Traces  of  Two  Planes,  U(/,l   B  <S 
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<■  Find  the  Angle  briwrrn  *rm— From  either  of  the  mteiBOCtioni. 

of  the  traces  (say  d)  let  fall  d  D  perpendicular  to  X  X ;  draw  D  C£ 
joining  D  with  the  other  intersection  of  the  traces.  Through  an* 
convenient  point,  I,  in  X>  C,  draw  G  I  H  perpendicular  to  D  u 


Fig.  10. 

cutting  A  C  in  G  and  B  C  in  H.  Along  X  X  lay  off  D  E  =  D  C, 
and  Dt  =  D  I;  join  rfE  (this  will  be  the  length  of  the  line  of 
intersection  of  the  planes).  From  i  let  full  t  k  perpendicular  to 
dE;  in  I  C  take  IK  =  ti;  join  K  G,  KH;  G  K  H  will  be  the 
angle  required. 

When  the  traces  of  the  two  given  planes  are  inconveniently 
placed  for  the  completion  of  the  figure,  we  may  substitute  for  either 
pair  of  traces  another  pair  of  traces  parallel  to  them,  and  mora 
conveniently  placed. 

30.  Sha  (in  fig.  10),  the  Trace*.  A  d  »<l  A  C,  *f  «  Pl»e;  «i— 
Ike  Tnn,  (I  *nd  C,  of  u  ■■■■Igbl  Llnr  in  11(1  JPI-nc)  wUnmlln 
Trncn  of  n  PIbbc  which  ■hall  I'm  il»  «It*m   Plane  In  that  Iilae  ai 

a  linn  Angle.— From  either  of  the  traces  of  the  straight  line,  as  d, 
let  fall  d  D  perpendicular  to  X  X;  draw  the  straight  line  D  C, 
joining  D  with  the  other  trace,  C,  of  the  straight  line.  Through 
any  convenient  point,  I,  in  D  C,  draw  I  G  perjiendicular  toDO, 
cutting  C  A  in  G.  In  X  X  lay  offD  E  =  D  C  and  Dt  =  D  I; 
join  d  E.  and  on  it  let  fall  the  perpendicular  ik.  In  I  C  take 
IK  =  ik;  join  K  G.  Then  draw  K  H,  making  G  K  H  =  the 
given  angle,  and  cutting  G  I,  produced  if  necessary,  in  H.  Draw 
C  II,  cutting  X  X  in  B,  and  join  B  d;  these  will  be  the  traces  of 
the  plane  required. 


BULI8  RELATING  TO  FLAKES. 


13 


31.  CMvm  (in  €g.  11),  the  Trace*  of  a  Plane,  ABC,  aad  the 
rnjiille—  •*  »  Palal*  G,  gt  le  Draw  the  Traces  ef  a  Plane  Tra- 
ranlag  lloe  fjtrea  Peiat.and  Parallel  to  the  glrea  Plane. — Through 

either  of  tbe  projections  of  the  given  point  (say  G)  draw  G  H 
parallel  to  the  corresponding  trace  of  the  given  plane,  and  cutting 
A  X  in  H.  (This  will  be  one  of  the  projections  of  a  lino  through 
tbe  given  point,  parallel  to  the  trace  A  B  of  the  given  plane.) 


Fig.  11. 

Through  H  draw  H  D  perpendicular  toXX;  and  through  g  draw 
g  D  parallel  to  X  X,  cutting  H  D  in  D  (g  D  will  be  the  projection 
and  D  one  of  the  traces  of  the  line  before  mentioned).  Through 
D  draw  D  E  parallel  to  C  B,  cutting  X  X  in  E;  and  through  E 
draw  E  F  parallel  to  B  A;  D  E  F  will  be  the  traces  of  the 
required  plane. 

32.  direa,  the  Traces  of  n  Plane,  E  F,  E  D  (ill  fig.  11),  mid  One 
Projection  of  a  Poiat  In  that   Plane,    to    Find    the  other  Projection 

of  that  Point. — Suppose  g,  the  vertical  projection  of  the  point,  to 
be  given.  Draw  g  D  parallel  to  X  X,  cutting  E  D  in  D.  From 
D  let  fall  D  H  perpendicular  to  X  X.  From  g  draw  g  G  perpen- 
dicular to  X  X,  and  from  II  draw  H  G  parallel  to  E  F;  tin; 
intersection  of  those  lines,  G,  will  be  the  required  horizontal  pro- 
jection of  the  given  point 

33.  Given  (in  fig.  12),  the  Trace*,  A  B  0,  of  n  Plane,  nnd  ihc 
Projection*,  D,  d,  of  a  Point,  to  Draw  ihe  Projection*  of  n  Perpen- 
dicular let    Fall    from    the    Point   on    the    Plnne. —  From    one   of  the 

projections  of  the  given  point  (aay  D)  draw  D  E  F  perpendicular 
tn  the  corresponding  trace,  B  A,  of  the  given  plane,  and  cutting 
B  A  in  E,  and  X  X  in  F.     From  E  let  fall  E  e  perpeudicuViv  \.o 
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XX;  from  F  draw  F/  perpendicular  to  XX,  cutting  the  true 
B  C  in  /;  joiii/tf;  from  J  draw  rf  ^  perpendicular  to  B  C,  cutting 

fe  in  g;  and  from  $r  draw  g  G 
perpendicular  to  X  X,  catting 
b  F  in  G.  D  G  and  «*y  will 
be  the  projections  of  the  per- 
pendicular required. 

34.  GiTcn  (in  fig.  13),  the  Pro 
jcetiona  of  a  Point,  D,  d,  ana 
thowe  of  a  Straight  Line*  A  B, 
a  by  to  Draw  the  Traces  of  a 
Plane  which  shall  Traverse  the 
Point,  and   be    Perpendicalar  to 

the  Line. — Through  one  of  the 
projections  of  the  given  point 
(say  P)  draw  D  G  perpendicular 
to  A  B  (the  corresponding  pro- 
jection of  the  given  line),  cutting 
X  X  in  G.  Through  G  draw 
(r  g  perpendicular  to  X  X ; 
through  iL  the  other  projection 
of  the  point,  draw  dg  parallel  to  X  X,  cutting  ti  g  in  g;  through  g 
draw  E  C  perpendicular  to  a  6,  cutting  X  X  in  0 ;  and  through  C 

draw  C  F  perpendicular 
to  A  B.  EOF  will 
be  the  traces  of  the  re- 
quired plane. 

<>•).  €»l«cn.  the  Pro- 
jrriioiiH  of  a  Point  ana 
of  a  Straight  JLiuts  to 
Draw  the  Projections 
of  n  Perpendicular  let 
Fnll  from  I  lie  Point  ap- 
on  the  Straight  L.ine.~ 
Find  by  the  ] receding 
rule  the  traces  of  a 
plane  traversing  the 
given  point,  and  {>er- 
pendicularto  the  given 
line;  then,  by  Article 
L\'{,  tind  the  traces  of 
a  plane  1 111  versing  the 
given  point  and  line; 
and  finally,  by  Article  27,  find  the  projection  of  the  line  of 
intersection  of  those  two  planes. 

OU*.  Ciiviii,  ibe   Projection*  of  Two  Strnighi   ZAnvm  Hint  arc  neither 


X 
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acting,  to  Plnd  the  Projections  of  their  Common 

By  Article  23  a,  find  the  traces  of  a  plane  travers- 
al one  of  the  lines  and  parallel  to  the  other.  Then,  by  Article  33, 
fed  the  projections  of  a  perpendicular  let  fall  on  that  plane  from 
ay  convenient  point  in  the  second  line.  Then  through  the  pro- 
jections of  the  foot  of  that  perpendicular  draw  the  projections  of 
a  straight  line  parallel  to  the  second  straight  line;  these  will  cut 
the  projections  of  the  first  straight  line  at  one  end  of  the  common 
perpendicular,  whose  projections  will  be  parallel  and  equal  to  those 
of  the  perpendicular  already  found. 
36a.  Projection*  of  n  circle.— When  an  instrument  which  draws 
ellipses  accurately  is  at  hand,  it  may  be  used  for  the  purpose  of 
drawing  the  project  ons  of  a  circle  of  a  given  radius,  described 
about  a  given  poin«  in  a  given  plane,  and  may  thus  facilitate 
■neh  the  solution  of  various  problems.  The  following  is  the 
process  for  obtaining  the  projections  of  a  circle : — 

Ctrea  (in  tig.  14),  the  Traces  of  a  Plane*  ABC,  and  the  Pro. 
jKtteaa  of  a  Point  In  that  Plane*  D,  d,  to  Draw  the  Projections  of 
■  Circle  of  n  given  Radios*  described  iu  the  gircu  Plane  nnd  about 

■•  siren  Point.— For  the  vertical  projection,  describe  about  d  a 
circle  of  the  given  radius,  df  =  d  e,  and  draw  the  diameter  «/ 
parallel  to  the  trace 
C  B;  ef  will  itself  be 
tbe  vertical  projection 
of  one  diameter  of  the 
circle.  Draw  dg  per- 
pendicular to  ef.  Find, 
by  Article  24,  the  angle' 
which  the  given  plane 
makes  with  the  vertical 
plane  of  projection,  and 
lay  off  g  d  h  equal  to 
the  angle  so  found. 
From  k,  in  the  circle, 
draw  h  k  parallel  tofe, 
and  cutting  d  g  in  k; 

then  d  k  will    be   the  Fig.  14. 

vertical  projection  of  a 

ndius  of  the  circle  perpendicular  to  ef.  Then  on  the  major  axis, 
*/.  and  minor  semi-axis,  d  k,  describe  an  ellipse;  that  ellipse  will 
he  the  required  vertical  projection  of  the  circle. 

The  horizontal  projection  is  obtained  by  a  precisely  similar 
process,  the  rule  of  Article  24  being  now  used  to  find  the  angle 
vhich  the  given  plane  makes  with  the  horizontal  plane  of  pro- 
jection. 

The  two  ellipses  are  both  touched  by  a  pair  of  taugents,  M  m9 
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L  ly  perpendicular  to  X  X ;  and  the  diameters,  I  m,  L  M,  are 
projections  of  one  diameter  of  the  circle— viz.,  that  dian 
in  which  the  plane  A  B  C  is  cut  at  right  angles  by  a  plane  pai 
to  X  X.  The  perpendicular  distance,  N  n,  between  the 
tangents  is  equal  to  the  diameter  of  the  circle  multiplied  b) 
cosine  of  the  angle  which  the  given  plane  makes  with  X  X, 
U  bisected  bv  the  line  D  (L 


1! 


CHAPTER  II. 

OF   THE   MOTIONS  OF  PRIMARY  MOVING   PIECES   IN  MACHINES. 

Section  I. — General  Explanations. 

37.  Franc;  Htcrlng  Pieces,  Primary  and  Secondary.    (A.  M.y  427.) 

— The  frame  of  a  machine  is  a  structure  which  supports  the  moving 
pieces,  and  regulates  the  path  or  kind  of  motion  of  most  of  them 
directly.  In  considering  the  movements  of  machines  mathemati- 
cally, the  frame  is  considered  as  fixed,  and  the  motions  of  the 
moving  pieces  are  referred  to  it  The  frame  itself  may  have  (as  in 
the  case  of  a  ship  or  of  a  locomotive  engine)  a  motion  relatively 
to  the  earth,  and  in  that  case  the  motions  of  the  moving  pieces 
relatively  to  the  earth  are  the  resultants  of  their  motions  relatively 
to  the  frame,  and  of  the  motion  of  the  frame  relativelv  to  the 
earth;  but  in  all  problems  of  pure  mechanism,  and  in  many 
problems  of  the  dynamics  of  machinery,  the  motion  of  the  frame 
relatively  to  the  earth  does  not  require  to  be  considered. 

The  moving  pieces  may  be  distinguished  into  primary  and 
secondary;  the  former  being  those  which  are  directly  carried  by 
the  frame,  and  have  their  motion  wholly  guided  by  their  con- 
nection with  the  frame ;  and  the  latter,  those  which  are  carried  by 
other  moving  pieces,  or  which  have  their  motion  not  wholly  guided 
by  their  connection  with  the  frame.  For  example,  the  crank-shaft 
and  the  piston-rod  of  a  steam  engine  are  primary  moving  pieces; 
the  wheels  of  a  locomotive  are  primary  moving  pieces;  the 
connecting-rod  of  a  steam  engine  is  a  secondary  moving  piece 

Connectors  are  those  secondary  moving  pieces,  such  as  links,  belts, 
cords,  and  chains,  which  transmit  motion  from  one  moving  piece 
to  another,  when  that  transmission  is  not  effected  by  immediate 
cor.tact. 

38.  Bearing*  (A. ;!/.,  428,)  are  the  surfaces  of  contact  of  primary 
moving  pieces  with  the  frame,  and  of  secondary  moving  pieces  with, 
the  pieces  which  carry  them.  Bearings  guide  the  motions  of  the 
pieces  which  they  support,  and  their  figures  depend  on  the  nature 
of  those  motions.  The  bearings  of  a  piece  which  has  a  motion  of 
translation  in   a   straight  line  must  have    plane  or  cylindrical  * 

*  The  word  "cylindrical"  is  here  used  in  the  comprehensive  sense,  which 
denotes  any  surface  generated  by  the  motion  of  a  straight  line  parallel  to 
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surfaces,  exactly  straiglU  in  the  direction  of  motion.  The  bearings 
of  rotating  pieces  must  have  surfaces  accurately  turned  to  figures 
of  revolution,  such  as  circular  cylinders,  spheres,  cones,  conoids,  and  - 
flat  discs.  The  bearing  of  a  piece  whose  motion  is  helical,  must  be 
an  exact  screw.  Those  parts  of  moving  pieces  which  touch  the 
bearings  should  have  surfaces  accurately  fitting  those  of  the  # 
bearings.  They  may  be  distinguished  into  slides,  for  pieces  which 
move  in  straight  lines,  gudgeons,  journals,  bushes,  and  pivots,  for 
those  which  rotate,  and  screws  for  those  which  move  helically. 

The  accurate  formation  and  fitting  of  bearing  surfaces  is  of 
primary  importance  to  the  correct  and  efficient  working  of 
machines. 

39.  The  Motions  of  Primary  ITIoring  Pieces  (A  M.,  429,)  are 
Limited  by  the  fact,  that  in  order  that  different  portions  of  a  pair 
of  bearing  surfaces  may  accurately  fit  each  other  during  their 
relative  motion,  those  surfaces  must  be  either  straight,  circular,  or 
helical ;  from  which  it  follows,  that  the  motions  in  question  can  be 
of  three  kinds  only,  viz. : — 

I.  StraiglU  translation,  or  shifting,  which  is  necessarily  of  limited 
extent,  and  which,  if  the  motion  of  the  machine  is  of  indefinite 
duration,  must  be  reciprocating;  that  is  to  say,  must  take  place 
alternately  in  opposite  directions  :  for  example,  the  piston-rod  of  a 
steam  engine. 

.  II.  Simple  rotation,  or  turning  about  a  fixed  axis,  which  motion 
may  be  either  continuous  or  reciprocating,  being  called  iu  the 
latter  case  swinging,  rocking,  or  oscillation.  Continuous  rotation 
is  exemplified  by  the  shaft  of  a  steam  engine ;  reciprocating  rotation 
by  various  beams  or  levers. 

III.  Helical  or  screw-like  motion,  compounded  of  rotation  about 
a  fixed  axis,  and  translation  along  that  axis. 

Section  II. — Straight  Motion  of  Primary  Pieces. 

40.  straight  Translation  is  the  motion  of  a  primary  piece  sliding 
along  a  straight  guiding  surface.  All  the  particles  of  the  piece 
move  through  equal  distances  in  a  given  time,  along  parallel  straight 
lines ;  and  the  line  joining  any  two  particles  remains  unaltered  in 
length  and  in  direction. 

41.  Resolution    and    Composition   of  motions. — The    resultant    of 

two  or  more  component  motions  is  the  motion  which  results  from 
putting  them  together.  If  the  component  motions  are  represented 
by  straight  lines,  their  resultant  is  found  geometrically  by  joining 
together,  end  to  end,  a  series  of  straight  lines  respectively  equal 
and  parallel  to  the  given  straight  lines,  and  pointing  in  the  same 
directions,  and  then  drawing  a  straight  line  from  the  starting  point 
to  the  further  end  of  the  series.     For  example : — 
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L  (See  fig.  15.)  To  find  the  resultant  of  two  component  motions, 
A  B  and  A  C.  Let  the  paper  represent  the  plane  of  those  motions. 
From  B  draw  B  D  parallel  and  equal  to  A  C,  and  pointing  in  tho 
same  direction ;  join  A  D ;  this  will  be 
the  required  resultant  motion ;  or,  iu  other 
words,  complete  the  parallelogram,  A  B 
D  C;  its  diagonal,  A  D,  will  be  the  re- 
quired resultant. 

A  motion  may,  if  required,  be  resolved 
into  components.  The  following  are  the 
cases  most  useful  in  mechanism : — 

IL  (Fig.  15.)  To  resolve  a  given  motion, 
A  D,  into  components  in  two  given  direc- 
tions in  the  same  plane,  A  X  and  A  Y. 
Through  D  draw  D  C  parallel  to  X  A,  cutting  A  Y  in  C,  and  D  B 
parallel  to  Y  A,  cutting  A  X  in  B;  A  B  and  A  C  will  be  the 
required  components. 

II L  (Fig.  16.)  To  resolve  a  given  motion,  A  D,  into  one  component 
parallel  and  another  component  perpendicular  to  a  given  direction. 
Through  A,  parallel  to  the  given  direction,      , 
draw  A  X,  upon  which  let  fall  the  perpen- 
dicular D  B ;  then  A  B  will  be  the  first  of 
the  required  components,  and  A  C  parallel 
and  equal  to  B  D  will  be  the  second. 

IV.  Given,  tlie  traces  of  a  plane  (Articio 
15.  page  6)  and  t/te  projections  of  a  straiglU 
line  representing  a  motion  (Article  11,  page 
4),  to  find  Hie  projections  of  two  component 
motions,  one  perpendicular  and  tlie  other  parallel  to  the  plane.     By 
the  rule  of  Article  31,  page  13,  draw  the  traces  of  a  second  plane 
parallel  to  the  given  plane,  and  traversing  the  point  which  repre- 
sents one  end  of  the  given  motion.     Then  by  the  rule  of  Article  33, 
page  13,  find  the  projections  of  the  perpendicular  let  fall  on  the 
second  plane  from  the  point  representing  the  other  end  of  the 
given  motion.     That  perpendicular  will  be  one  of  the  required 
components;  and  the  straight  line  from  the  first- mentioned  point 
to  the  foot  of  the  perpendicular  will  be  the  other.     The  lengths  of 
the  lines  representing  the  component  motions  may  be  found,  if 
required,  by  Article  19,  page  1. 

The  component  of  the  motion  parallel  to  the  given  plane  is 
obviously  its  projection  on  that  plane.  It  is  sometimes  called  the 
tangential  component,  and  the  component  perpendicular  to  the  given 
plane  the  normal  component  of  the  given  motion. 

V.  Given,  a  resultant  motion  and  one  of  two  component  motions, 
to  find  the  other  component  motion.  Combine  the  given  resultant 
action  with  a  motion  equal  and  opposite  to  the  given  component 
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motion ;  the  resultant  of  these  two  will  be  the  required  other  coin* 
]>onent  motion.  For  example,  in  fig.  15,  let  AD  be  the  given 
resultant  motion,  and  A  B  the  given  component;  draw  D  C  equal 
and  parallel  to  A  6,  and  pointing  the  opposite  way;  join  AC; 
this  will  be  the  required  other  component .  or  otherwise,  join  B  D 
and  draw  A  C  equal  and  parallel  to  it. 

VI.  (Fig.  17.)  Given,  tfie  vertical  projection,  A  B,  and  Hie  hori- 
zontal projection,  A!  B',  of  a  straight  line  representing  a  motion,  to 
resolve  tJiat  motion  into  three  rectangular  components  parallel  and 
perpendicular  to  tJie  planes  of  projection.  Let  O  X  be  the  axis  of 
projection  (Article  9,  page  4).     Draw  the  straight  lines  A  A',  B  B, 
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Fig.  17. 

cutting  the  axis  of  projection  (of  course  at  right  angles)  in  C  and  D. 
Then  through  any  convenient  point,  O,  in  the  axis  of  projection, 
draw  the  straight  line  Z  O  Y'  at  right  angles  to  that  axis;  and 
take  O  Y'  to  represent  a  transverse  horizontal  axis,  and  O  Z  to 
represent  a  vertical  axis.  (The  point  0  is  called  the  origin.)  Then 
parallel  to  X  O  draw  A  E'  and  B'  F  to  meet  O  Y',  and  A  G  and 
B  H  to  meet  O  Z.  The  three  components  required  will  be  repre- 
sented by  C  D,  E'  F ,  and  G  H. 

VII.  Given  (in  fig.  17),  the  vertical  projection,  A  B,  and  Hie 
lwrizontal  projection,  A!  B',  of  a  straiglU  line  representing  a  motion, 
to  draw  a  Hard  projection  of  tlie  same  straight  line  on  a  vertical 
transverse  plane  of  projection  perpendicular  to  Hve  first  two  planes  of 
projection.  Construct  fig.  17  as  described  in  the  preceding  Rule. 
O  Z  and  0  Y'  will  be  the  traces  of  the  third  plane  of  projection. 
Produce  X  O  towards  Y" ;  then  O  Y"  will  represent  the  rabatnient 
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of  O  Y\  and  ZO  Y"  the  rabatment  of  the  vertical  transverse 
plane  upon  the  vertical  longitudinal  plane  of  projection.  In  O  Y" 
take  O  E"=  O  E-,  and  O  F*  =  O  F;  draw  E<  A"  and  F'B"  parallel 
to  O  Z,  to  meet  A  G  and  B  H  produced  in  A"  and  B"  respectively; 
join  A"  B" ;  this  will  be  the  projection  required 

According  to  the  rule  already  stated  in  Article  19,  page  7,  the 
motion  of  which  A  B  and  A'  B'  are  the  projections  is  to  be  found 
by  making  K  L  -  A'  B',  and  joining  L  B,  which  line  will  repre- 
sent the  extent  of  the  resultant  motion. 

The  following  are  the  relations  between  a  resultant  motion  and 
its  components  as  expressed  by  calculation.     In  tig.  15, — 

sin  C  A  B  :  sin  C  A  D  :  sin  D  A  B  :  :  A  D  :  A  B  :  A  C; 

also,      A  D2  =  A  B2  +  A  C2  +  2  A  B  •  A  C  •  cos  C  A  B. 

In  fig.  1G, 

A  B  =  A  D  •  cos  BAD;  AC  =  A  D  •  sin  B  A  D; 

A  D2  =  A  B2  +  A  C2. 

In  fig.  17, 

LB2  =  CD2  +  ET2  +  (t  IP. 

42.    Cclntirc    ITIotion    of   Two    Moving    Pieces. — All    motion     is 

relative :  that  is  to  say,  every  conceivable  motion  consists  in  a 
change  of  the  relative  position  of  two  or  more  points.  In  speaking 
of  the  motions  of  the  moving  pieces  of  machines,  motions  relatively 
to  the  frame  are  always  to  be  understood,  unless  it  is  otherwise 
specified.  It  is  often  requisite,  however,  to  express  the  motion  of 
a  ]>oint  in  a  moving  piece  relatively  to  a  point  in  the  same  or  in 
another  moving  piece. 

In  the  case  considered  in  the  present  section,  where  the  relative 
position  of  two  ]>oints  in  the  same  moving  piece  remains  unaltered, 
not  only  as  to  distance  but  as  to  direction,  the  relative  motion  of 
such  a  pair  of  points  is  nothing.  The  motion  of  oue  moving  piece 
relatively  to  another  is  determined  by  the  following  principle : — Let 
P,  Q,  and  It  denote  any  three  points;  then  the  motion  of  R 
relatively  to  P  is  the  resultant  of  the  motion  of  It  relatively  to  Q, 
combined  with  the  motion  of  Q  relatively  to  P;  so  that  if  the 
motions  of  Q  relatively  to  P,  and  of  It  relatively  to  P  are  given, 
the  motion  of  It  relatively  to  Q  is  to  be  found  according  to  Rule 
V.  of  the  preceding  Article,  by  compounding  with  the  motion  of  R 
relatively  to  P  a  motion  equal  and  opposite  to  that  of  Q  relatively 
to  P.  For  example,  let  P  stand  for  the  frame  of  a  machine,  uud 
Q  and  R  for  two  moving  pieces  which  slide  along  straight  gvutav, 
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and  in  a  given  interval  of  time  let  A  B,  in  fig.  15,  page  19,  repre- 
sent the  motion  of  Q  relatively  to  P,  and  A  D  the  motion  of  R 
relatively  to  P;  then  A  C,  fouud  by  Rule  V.  of  Article  41,  will 
represent  the  motion  of  R  relatively  to  Q. 

In  all  cases  whatsoever  of  relative  motion  of  two  bodies,  the 
motion  of  one  relatively  to  the  other  is  exactly  equal  and 
contrary  to  that  of  the  second  relatively  to  the  first.  For  example, 
let  P  and  Q  be  two  points ;  and  when  P  is  treated  as  fixed,  let  Q 
move  through  a  given  distance  in  a  given  direction  relatively  to  P; 
then  if  Q  is  treated  as  fixed,  P  moves  through  the  same  distance 
in  the  contrary  direction  relatively  to  Q. 

43.  Comparative  Motion  (A.  M.}  358,)  is  the  relation  borne  to  each 
other  by  the  simultaneous  motions  of  two  points,  either  in  the  same 
body  or  in  different  bodies,  relatively  to  one  and  the  same  fixed  point 
or  body.  It  consists  of  two  elements :  the  velocity-ratio,  which  is  the 
proportion  borne  to  each  other  by  the  distances  moved  through  by 
the  two  points  in  the  same  interval  of  time ;  and  the  directional 
relation,  which  is  the  relation  between  the  directions  in  which  the 
two  points  are  moving  at  the  same  instant 

In  the  case  of  two  points  in  a  primary  piece  whose  motion  is 
one  of  translation,  the  velocity-ratio  is  that  of  equality,  and  the 
directional  relation  that  of  identity;  for  all  points  in  such  a  piece 
are  moving  with  equal  speed  in  parallel  directions  at  the  same 
instant. 

When  two  points  in  two  different  pieces  are  compared,  the 
comparison  may  give  a  different  result.  For  example,  let  P,  as 
before,  stand  for  the  frame  of  a  machine,  and  Q  and  R  for  two 
moving  pieces;  and  while  Q  performs  relatively  to  P  the  motion 
represented  by  A  B  (fig.  15,  page  19),  let  R  perform  relatively  to 
P  the  motion  represented  by  A  D.  Then  the  comparative  motion 
of  R  and  Q  consists  of  the  following  elements : — 

the  velocity-ratio,  -r-=  ; 

and  the  directional  relation,  represented  by  the  angle  BAD. 

In  most  of  the  cases  which  occur  in  mechanism  the  motion  of  each 
point  is  limited  to  two  directions — forward  or  backward — in  a  fixed 
path ;  so  that  the  directional  relation  of  two  points  may  often  be 
sufficiently  expressed  by  prefixing  the  sign  +  or  —  to  their  velocity- 
ratio,  according  as  their  motions  are  similar  or  contrary;  that  is, 
the  sign  +  denotes  that  those  motions  are  both  forward  or  both 
backward;  and  the  sign  —  that  one  is  forward  and  the  other 
backward. 

We  may  compare  together  the  different  components  of  the 
motion  of  one  point,  and  the  resultant  motion.     For  example,  in 
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figs.  15  and  16,  page  19,  the  velocity-ratios  of  two  component 
motions,  as  compared  with  their  resultant,  are  expressed  by 

AB  AC 

ADandAD; 

and  in  fig.  17,  page  20,  the  velocity -ratios  of  three  rectangular 
component  motions,  as  compared  with  their  resultant,  are  ex- 
pressed by 

CDE'F       ,GH 

LB'  LB'andL~B 

Strictly  speaking,  the  principles  of  the  geometry  of  machines,  or 
of  pure  mechanism,  are  concerned  with  comparative  motions  only, 
and  not  with  absolute  velocities :  or,  in  other  words,  those  principles 
relate  to  the  motions  which  differeut  moving  points  perform  in  the 
course  of  the  same  interval  of  time,  but  not  to  the  length  of  the 
interval  of  time  in  which  such  motions  are  performed.  For 
example,  in  the  case  of  a  direct-acting  steam  engine,  the  principles 
of  pure  mechanism  show  that  the  piston  makes  one  double  stroke 
for  euch  revolution  of  the  crank;  that  the  directional  relation  of 
the  piston  and  crank- pin  varies  periodically,  the  pistou  moving  to 
and  fro,  while  the  crank-pin  moves  continuously  round  in  a  circle; 
and  that  in  particular  positions  of  those  pieces  their  velocity-ratio 
takes  particular  values;  but  the  question  of  what  interval  of  time 
is  occupied  by  a  revolution,  or  of  how  many  revolutions  are  per- 
formed in  a  minute,  belongs  not  to  the  geometry,  but  to  the 
dynamics  of  machines.  Further,  in  the  case  of  a  pair  of  spur 
wheels  gearing  into  each  other,  the  principles  of  pure  mechanism 
show  that  in  any  given  interval  of  time  the  numbers  of  revolutions 
performed  by  those  wheels  respectively  are  inversely  as  their 
numbers  of  teeth,  and  that  the  directions  in  which  they  turn  are 
contrary;  but  those  principles  do  not  inform  us  how  many  revolu- 
tions either  wheel  makes  in  a  minute. 

44.    Driving  Point  and  Working  Point. — The  term  driving  point 

is  used  to  denote  that  point,  either  in  a  whole  machine  or  in  a 
given  moving  piece  of  a  machine,  where  the  force  is  applied  that 
causes  the  motion;  and  the  term  working  point  is  used  to  denote 
the  point  where  the  useful  work  is  done.  These  explanations 
contain  references  to  the  dynamics  of  machines;  but  it  is  to  be 
understood  that  in  the  geometry  of  machines,  or  pure  mechanism, 
it  is  the  comparative  motion  only  of  the  driving  point  and  working 
point  that  is  taken  into  consideration.  It  is  to  be  observed,  too, 
that  the  word  u  point"  is  here  taken  in  an  extended  meaning;  for 
the  exertion  of  force  or  communication  of  motion  at  a  mathematical 
poiut,  of  no  sensible  magnitude,  is  purely  ideal ;  and  when  the  word 
point  is  used  with  reference  to  the  driving  or  the  work  of  maeAuu^ 
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it  is  to  be  held  to  moan  the  place  where  the  action  that  drives  or 
that  resists  a  machine  is  exerted,  of  what  magnitude  soever  that 
place  may  be,  whether  a  surface  or  a  voluma  Thus,  the  driving 
point  in  a  steam  engine  comprehends  the  whole  surface  of  the 
piston  that  is  pressed  upon  by  the  steam  which  drives  the  engine; 
and  the  working  point,  where  friction  is  overcome,  comprehends 
the  whole  of  the  rubbing  surface,  and  where  a  heavy  body  is  lifted, 
the  whole  volume  of  that  body.  Nevertheless,  for  the  sake  of  con- 
venience in  mathematical  investigation,  such  places  of  the  action  of 
driving  or  resisting  forces  are  often  treated  on  the  supposition  that 
they  may  be  represented  by  single  points ;  for  when  such  points  are 
properly  chosen,  no  error  is  incurred  by  making  that  supposition. 

Section  III. — Rotation  of  Primary  Pieces. 

45.  Rotation  of  a  Primary  Piece.     (A.  M.y  370-372.) — Rotation  or 

Turning  is  the  motion  of  a  rigid  body  when  lines  in  it  change  their 
directions;  and  it  is  the  only  kind  of  motion  involving  change  of  the 
relative  positions  of  the  particles  of  a  body  that  is  possible  consistently 
with  rigidity;  that  is  to  say,  with  the  maintenance  of  the  distance 
between  every  pair  of  particles  in  the,body  unchanged.  An  axis  of 
rotation  is  a  line  in  a  rigid  body  whose  direction  is  unchanged  by  the 
rotation ;  and  a fixed  axis  of  rotation  is  a  line  whose  position,  as  well  as 
its  direction,  is  unchanged  by  the  rotation.  Every  line  in  a  rotating 
body  which  is  parallel  to  the  axis  has  its  direction  unchanged  by. 
the  rotation.  The  rotation  of  a  primary  piece  in  a  machine  always- 
takes  place  about  an  axis  that  is  fixed  relatively  to  the  frame  of  the 
machine;  that  axis  being  the  geometrical  axis,  or  centre  line,  of  a 
bearing  surface  (such  as  that  of  the  journals  or  gudgeons  of  a  shaft), 
whose  form  is  that  either  of  a  circular  cylinder  or  of  some  other 
surface  of  revolution  The  plane  of  rotation  is  any  plane  perpen- 
dicular to  the  axis.  Every  such  plane  in  a  rotating  body  has  its 
position  unchanged  by  the  rotation ;  and  straight  lines  in  such  a 
plane — that  is,  straight  lines  perpendicular  to  the  axis  of  rotation — 
change  their  directions  more  rapidly  than  any  other  straight  lines 
in  the  same  body. 

46.  speed  of  isolation.  (A.  M.,  373.) — Although  in  the  case  of 
rotation,  as  well  as  in  that  of  translation,  the  principles  of  pure 
mechanism  are  concerned  with  comparative  velocities  only,  still 
it  is  desirable  here  to  state,  that  the  speed  with  which  a  rotating 
body  turns  is  expressed  in  two  different  ways.  For  most  practical 
purposes  it  is  usually  stated  in  turns  and  fractions  of  a  turn  iu  some 
convenient  unit  of  time ;  such  as  a  second,  or  (more  commonly)  a 
minute.  For  scientific  purposes,  and  for  some  practical  purposes 
also,  it  is  expressed  in  angular  velocity;  which  means,  the  angle 
swept  through  in  a  second  by  a  line  perpendicular  to  the  axis  of 
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rotation:  that  angle  being  stated  in  circular  measure;  which 
metes  the  ratio  of  the  length  of  the  arc  subtended  by  an  angle  to 
the  radius  of  that  arc  The  following  are  examples  of  the  values 
of  angles  in  circular  measure: — 

One  degree, 0*0174533  nearly; 

A  right  angle,  or  quarter  )  ,  ~»Ao         i 
refolutioS,?. ?. }  15'08  ""to 

Two  right  angles,  or  half  |  oin/.^      i         $55  i 

« Solution,!!: } 3 1416  near,y  -  H3 very  nearly- 

Fre^vol,u8Uon,,ngle8,  °r  *}  62832  nearly  =  J}J  very  nearly. 

Hence,  to  convert  turns  per  second  into  angular  velocity,  multiply  by 

"lft 

j-pr  =  6*2832  nearly;  and  to  convert  angular  velocity  into  turns  per 

113 
frame?,  multiply  by  -jr*  =  0*159155  nearly.     The  time  of  revolution 

in  seconds  is  the  reciprocal  of  the  speed  expressed  in  turns  per 
second.  The  comparative  speed  or  angular  velocity-ratio  of  two 
rotating  pieces  is  independent  of  the  kind  of  unit  in  which  their 
absolute  speeds  may  be  expressed;  it  is  the  reciprocal  of  the  ratio 
of  th«*ir  times  of  revolution. 

47.   Rotatlo-a    !•    Common    to    oil    Parts    of   the    Tarn  fug:    Body. 

(A.  AT.,  375.) — Since  the  angular  motion  of  rotation  consists  in  the 

change  of  direction  of  a  line  in  a  plane  of  rotation,  and  since  that 

change  of  direction  is  the  same  how  short  soever  the  line  may  be, 

it  is  evident  that  the  condition  of  rotation,  like  that  of  translation, 

is  common  to  every  particle,  how  small  soever,  of  the  turning  rigid 

body,  and  that  the  angular  velocity  of  turning  of  each  particle,  how 

small  soever,  is  the  same  with  that  of  the  entire  body.     This  is 

otherwise  evident,  by  considering  that  each  part  into  which  a  rigid 

body  can  be  divided  turns  completely  about  in  the  same  time  with 

every  other  part,  and  with  the  entire  body,  and  makes  the  samo 

number  of  turns  in  a  second,  or  a  minute,  or  any  other  interval 

of  time- 

48.  Bt«bf  nod  LeA-Handed  Boumllon.  (A.  M.,  376.) — The  direction 

of  rotation  round  a  given  axis  is  distinguished  in  an  arbitrary 

manner  into  right-lianded  and  left-handed.     One  end  of  the  axis  is. 

chosen  as  that  from  which  an  observer  is  supposed  to  look  along 

the  direction  of  the  axis  towards  the  rotating  body.     Then  if  the 

body  seems  to  the  observer  to  turn  in  the  same  direction  in  which 

the  ran  seems  to  revolve  to  an  observer  north  of  the  tropics,  the 

rotation  is  said  to  be  right-handed ;  if  in  the  contrary  direction r 

bfthanded;  and  it  is  usual  to  consider  the  angular  velocity  of 

right-handed  rotation  to  be  positive,  and  that  of  left-handed  vota- 
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tion  to  be  negative;  but  this  is  a  matter  of  convenience.  It  is 
obvious  that  the  same  rotation  which  seems  right-handed  when 
looked  at  from  one  end  of  the  axis,  seems  left-handed  when  looked 
at  from  the  other  end.  In  fig  18,  the  arrow  R  represents  right- 
handed  rotation,  and  the  arrow  L 
left  -  handed    rotation.      When 

body  oscillates  about  an  axis  its    /  \     /  \ 

rotation  is  alternately  right-handed    (  i*  )    ,  it  i 

and  left-handed.  V  J    \  J 

49.   Translation  of  a  Point  In  n      \  /         \.  / 

Rotating    Piece.   (A.    J/.,     377.)- 

Each   point  in   a  rotating   piece 

{except  those  situated  in  the  axis) 

has  a  motion  of  revolution — that  is,  translation  in  a  circular  path, 

round  the  axis  of  rotation ;  and  the  velocity  of  that  translation  is 

the  product  of  the  perpendicular  distance  of  the  point  from  the 

axis — that  is,  the  radius  of  the  circular  path,  into  the  angular 

velocity  of  rotation  (Article  46,  page  24).     Thus,  in  fig.  19,  let  the 


•ow  L  

■en-,a  /^    "\  / 

:is   its  /  \     / 

anded  [  x.  j    ; 

Int  In  n  \  /         N. 

377.  \_         ^      *T  >** 


Fig.  18. 
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Fig.  21. 


Fig.  10. 


surface  of  the  paper  represent  a  plane  of  rotation ;  let  O  be  at  once 
the  trace  and  the  projection  of  the  axis  of  rotation  on  that  plane, 
and  A  the  projection  of  a  point  in  the  rotating  piece  under  con- 
sideration. Then  the  motion  of  that  point  (and  of  its  projection 
A),  takes  place  in  a  circle  of  the  radius  O  A ;  and  if  A  A'  be  the 
arc  described  in  a  second,  then 


also, 


A  A'  =  O  A  x  angular  velocity; 

710 
=  O  A  x  jyq  x  number  of  turns  per  second; 
llu 

angular  velocity  =  n  .  » 
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Tbe  vdocity  at  a  given  instant  of  a  point  which  moves  in  a  carve, 
as  distinguished  from  the  arc  traced  in  a  second  by  that  point,  is 
represented  by  a  straight  line  eqnal  in  length  to  that  arc,  and 
pointing  in  the  direction  in  which  the  point  is  moving  at  the  given 
instant ,  that  is  to  say,  being  a  tangent  to  the  path  of  the  point  at 
that  instant.  Therefore,  to  represent  by  a  straight  line  the  velocity 
of  the  point  now  in  question  at  the  instant  when  its  projection  is 
at  A,  draw  A  a  perpendicular  to  O  A,  and  equal  in  length  to  A  A' 
(  =  O  A  x  angular  velocity). 

50.  Mafiaa  •€  a  Part  of  a  Rotating  Piece. — When  what  has  just 

been  explained  is  considered  together  with  the  statement  in  Article 
47,  it  is  easily  seen,  that  if  the  centre  of  any  part  of  a  moving 
piece  rotating  about  a  fixed  axis  is  situated  in  that  axis,  then  the 
motion  of  that  part  is  simply  a  rotation  similar  and  equal  to  that 
of  the  whole  piece;  but  if  the  centre  of  the  part  is  situated  at  a 
distance,  O  A,  from  that  axis,  the  motion  of  that  part  consists  of  a 
translation  of  its  centre,  with  the  velocity  O  A  x  the  angular 
velocity,  in  a  circle  described  about  the  fixed  axis  with  the  radius 
0  A,  combined  with  a  rotation  similar  and  equal  to  that  of  the 
whole  piece,  about  a  moving  axis  traversing  A,  and  parallel  to  the 
fixed  axis  which  traverses  O.  Consider,  for  example,  that  rotating 
piece  in  a  steam  engine  which  consists  of  the  shaft,  crank,  and 
crank-pin,  and  which  turns  about  the  axis  of  the  shaft,  as  a  fixed 
axis  of  rotation,  to  which  the  axis  of  the  crank-pin  is  parallel. 
Then  the  motion  of  the  shaft  consists  simply  in  a  rotation  about 
its  own  axis;  while  the  motion  of  the  crank-pin  consists  in  a 
translation  of  its  centre,  and  of  each  point  in  its  axis,  in  a  circular 
path  described  about  the  axis  of  the  shaft,  combined  with  a  rota- 
tion about  its  own  moving  axis  similar  and  equal  to  that  of  the 
shaft.  As  an  additional  illustration,  suppose  one  end  of  a  cord  to 
be  held  still,  and  the  other  to  be  attached  to  a  hook  which  is  fixed 
at  the  centre  of  a  rotating  wheel,  and  which  therefore  rotates 
along  with  and  as  part  of  the  wheel.  The  cord  will  undergo  ono 
twist  for  each  turn  of  the  wheel.  Now  let  the  hook  be  removed 
from  the  centre,  and  fixed  at  any  point  in  an  arm  of  the  wheel,  or 
in  its  rim;  the  cord  will  still  undergo  one  twist,  neither  more  nor 
less,  for  each  turn  of  the  wheel;  thus  showing,  as  before,  the  effect 
of  the  rotation  of  the  hook  along  with  the  wheel;  and  the  only 
difference  in  the  motion  will  be  that  the  end  of  the  cord  attached 
to  the  hook  will  be  carried  round  in  a  circle,  at  the  same  time  that 
the  whole  cord  is  twisted.  A  secondary  piece  in  a  machine  may 
be  so  contrived  as  to  have  translation  in  a  circle  or  some  other 
curved  path  without  rotation ;  this  will  be  considered  in  a  later 
chapter. 

51.  Rales  lit  to  Leagtha   of  Circular  Arcs.— In    connection    with 

the  motion  of  points  in  rotating  pieces,  and  with  various  other 
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questions  in  mechanism,  there  is  frequent  occasion  to  measure  the 
lengths  of  circular  arcs,  and  to  lay  off  circular  arcs  of  given  lengths. 
These  processes  may  be  performed  by  the  help  of  calculation,  and 
of  the  well-known  approximate  values  of  the  ratio  which  the 
radius  and  the  circumference  of  a  circle  bear  to  each  other,  viz. : — 

circumference       710         .         COQ„1Qr         , 

r. =  ^-nr  nearly  =  6-283185  nearly: 

radius  113  J  J 


radius 


113 


circumference       710 


nearly  =  0-159155  nearly; 


Fig.  22. 


but  it  is  often  much  more  convenient  in  practice  to  proceed  by 
drawing ;  and  then  the  following  rules  are  the  most  accurate  yet 
known : — * 

I.  (Fig.  22.)  To  draw  a  straiglU  line  approximately  equal  to  a 

given  circular  arc,  A  B.  Draw  the  straight 
chord  B  A;  produce  A  to  C,  making 
AC  =  JBAj  about  C,  with  the  radius 
C  B  =  $  B  A,  draw  a  circle ;  then  draw  the 
*fc  straight  line  A  D,  touching  the  given  arc 
in  A,  and  meeting  the  last-mentioned  circle 
in  D ;  A  D  will  be  the  straight  line  required. 
The  error  of  this  rule  consists  in  the  straight  line  being  a  little 
shorter  than  the  arc :  in  fractions  of  the  length  of  the  arc,  it  is 
about  TxyV(7  for  an  arc  equal  in  length  to  its  own  radius;  and  it 
varies  as  the  fourth  power  of  the  angle  subtended  by  the  arc;  so 
that  it  may  be  diminished  to  any  required  extent  by  subdividing 
the  arc  to  be  measured  by  means  of  bisections.  For  example,  in 
drawing  a  straight  line  approximately  equal  to  an  arc  subtending 
GO3,  the  error  is  about  ?Jff  of  the  length  of  the  arc;  divide  the  arc 
into  two  arcs,  each  subtending  30°;  draw  a  straight  line  approxi- 
mately equal  to  one  of  these,  and  double  it;  the  error  will  be 

reduced  to  one-sixteenth  of  its  former  amount; 
that  is,  to  about  T?  J^  of  the  length  of  the  arc. 
The  greatest  angular  extent  of  the  arcs  to 
which  the  rule  is  applied  should  be  limited 
in  each  case  according  to  the  degree  of 
precision  required  in  the  drawing. 

II.  (Fig.  23.)  To  draw  a  straiglU  line 
approximately  equal  to  a  given  circular  arc+ 
A  B.  (Another  Method.)  Let  C  be  the 
centre  of  the  arc.  Bisect  the  arc  A  B  in  D, 
and  the  arc  AD  in  E;   draw  the  straight 

*  These  rules  are  extracted  from  Papers  read  to  the  British  Association 
in  184>7,  and  published  in  the  Philosophical  Magazine  for  September  and 
October  of  that  year. 
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secant  C  E  F,  and  the  straight  tangent  A  F,  meeting  each  other 
in  F;  draw  the  straight  line  F  B;  then  a  straight  line  of  the 
length  A  F  +  F  B  will  be  approximately  equal  in  length  to  the 
arc  A  B. 

The  error  of  this  rule,  in  fractions  of  the  length  of  the  arc,  is  just 
one-fourth  of  the  error  of  Rule  I.,  but  in  the  contrary  direction ; 
aud  it  varies  as  the  fourth  power  of  the  angle  subtended  by  the  arc. 

II L  To  lay  off  upon  a  given  circle  an  arc  approximately  equal  in 
lengtJi  to  a  given  straigld  line.  In  fig.  24,  let  A  D  be  part  of  the 
circumference  of  the  given  circle,  A  one  end  of  p^ 
the  required  arc,  and  A  B  a  straight  line  of  the 
given  length,  drawn  so  as  to  touch  the  circle  at 
the  point  A.  In  A  B  tike  A  C  =  \  A  B,  and 
about  C,  with  the  radius  C  B  =  j  A  B,  draw  a 
circular  arc  B  D,  meeting  the  given  circle  in  D.  Fig.  24. 

A  D  will  be  the  arc  required. 

The  error  of  this  rule,  in  fractions  of  the  given  length,  is  the 
same  as  that  of  Rule  I.,  and  follows  the  same  law. 

IV.  (Fig.  24.)  To  draw  a  circular  arc  vihich  shall  be  approxi- 
mately equal  in  length  to  tlie  straigld  line  A  B,  sliall  with  one  of  its 
ends  touch  that  straigld  line  at  A,  and  sliall  subtend  a  given  angle. 
In  A  B  take  AC  =  JAB;  and  about  C,  with  the  radius  C  B 
=  |  A  B,  draw  a  circle,  B  D.  Draw  the  straight  line  A  D, 
making  the  angle  B  A  D  =  one-half  of  the  given  angle,  and  meet- 
ing the  circle  B  D  in  D.  Then  D  will  be  the  other  end  of  the 
required  arc,  which  may  be  drawn  by  well-known  rules. 

The  error  of  this  rule,  in  fractions  of  the  given  length,  is  the 
same  with  that  of  Rules  I.  and  III.,  and  follows  the  same  law. 

"V.  To  divide  a  circular  arc,  approximately,  into  any  required 
number  of  equal  parts.  By  Rule  I.  or  II.,  draw  a  straight  lino 
Approximately  equal  in  length  to  the  given  arc;  divide  that  straight 
line  into  the  required  number  of  equal  parts,  and  then  lay  off  upon 
the  given  arc,  by  Rule  III.,  an  arc  approximately  equal  in  length 
to  one  of  the  parts  of  the  straight  line. 

Rule  V.  becomes  unnecessary  when  the  number  of  parts  is  2,  4, 
8,  or  any  other  power  of  2;  for  then  the  required  division  can 
be  performed  exactly  by  plane  geometry. 

VI.  To  divide  the  wliole  circumference  of  a  circle  approxi- 
mately into  any  required  number  of  equal  arcs.  When  the  required 
number  of  equal  arcs  is  any  one  of  the  following  numbers,  the 
division  can  be  made  exactly  by  plane  geometry,  and  the 
present  ride  is  not  needed : — any  power  of  2 ;  3 ;  3  x  any  power  of 
2;  5;  5  x  any  power  of  2;  15;  15  x  any  power  of  2.*     In  other 

*  It  may  be  convenient  here  to  state  the  method*  of  subdividing  arcs  and 
▼hole   circles  by  plane  geometry.     (1.)  To  bisect  any   circular   arc.    On. 
the  chord  of  the  arc  as  abase,  construct  any  convenient  isosceles  truR^ta* 
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cases  proceed  as  follows : — Divide  the  circumference  exactly,  by 
plane  geometry,  into,  such  a  number  of  equal  arcs  as  may  be  re- 
quired in  order  to  give  sufficient  precision  to  the  approximative  part 
of  the  process.  Let  the  number  of  equal  arcs  in  that  preliminary 
division  be  called  n.  Divide  one  of  them,  by  means  of  Rule  V., 
into  the  required  number  of  equal  parts;  n  times  one  of  those 
parts  will  be  one  of  the  required  equal  arcs  into  which  the  whole 
circumference  is  to  be  divided. 

Rules  I.,  III.,  and  V.,  are  applicable  to  arcs  of  other  curves 
besides  the  circle,  provided  the  changes  of  curvature  in  such  arcs 
are  small  and  gradual. 

52.    Relative  Translation  of  a  Pair  of  Point*  in  a  Rotating  Piece. — 

In  fig.  19,  page  26  (where  O,  as  already  explained,  is  at  once  the 
projection  and  the  trace  of  a  fixed  axis  of  rotation  on  a  plane 
perpendicular  to  it,  and  A  the  projection  of  a  point  in  the  rotating 
piece),  let  B  be  the  projection  of  another  point  in  the  rotating  piece, 
and  A  B  the  projection  of  the  straight  line  connecting  those  two 
points.  The  point  B  describes  a  circle  of  the  radius  O  B  about  the 
fixed  axis;  and  the  radii  O  A  and  O  B  sweep  round  with  the 
angular  velocity  common  to  all  parts  of  the  rotating  piece,  so  that 
by  the  time  that  A  has  moved  to  the  position  A',  B  has  moved  to 
the  position  B',  such  that  the  angles  A  O  A'  and  BOF  are  equal. 
In  order  to  determine  the  motion  of  one  of  those  moving  points 
(as  A)  relatively  to  the  other  (as  B),  it  is  to  be  considered  that, 
owing  to  the  rigidity  of  the  body,  the  length  of  A  B  is  invariable, 
and  that  the  change  of  direction  of  that  line  (as  projected  on  the 
plane  of  rotation),  consists  in  turning  in  a  given  time  through  an 
angle  equal  to  that  through  which  the  whole  piece  turns.  In  fig. 
20,  take  B  to  represent  at  once  the  trace  and  the  projection,  on  a 
plane  of  rotation,  of  an  axis  parallel  to  the  fixed  axis,  and  tra versing 
the  point  B.  Draw  B  A  in  fig.  20  parallel  and  equal  to  B  A  in 
fig.  19;  and  B  A  in  fig.  20  parallel  and  equal  to  B'  A'  in  fig.  19. 
Then  A  and  A'  in  fig.  20  represent  two  successive  positions  of  A 

with  the  summit  pointing  away  from  the  centre  of  the  arc ;  a  straight  line 
from  the  centre  of  the  arc  to  that  summit  will  bisect  the  arc     (2. )  To  mark 

the  sixth  part  of  the  circumference  of  a  circle.  Lay  off 
a  chord  equal'to  the  radius.  (3.)  To  mark  tlie  tenth 
part  of  the  circumference  of  a  circle.  In  fig.  24  a, 
draw  the  straight  line  A  B  =  the  radius  of  the  circle; 
and  perpendicular  to  A  B,  draw  B  C  =  4  A  B.  Join 
A 0,  and  from  it  cut  off  C D  =  C  B.  AD  will  be  the 
chord  of  one-tenth  part  of  the  circumference  of  the 
circle.  (4)  For  the fifteenth  part ■,  take  the  difference 
between  one-sixth  and  one-tenth.  It  may  he  added, 
that  Gauss  discovered  a  method  of  dividing  the  circumference  of  a  circle  by 
geometry  exactly,  when  the  number  of  equal  parts  is  any  prime  number  that 
is  equal  to  1  +  a  power  of  2;  such  as  1  +  24  =  17;  1  +  2*  =  257,  &c;  but 
the  method  is  too  laborious  for  use  in  designing  mechanism. 


Fig.  24  a. 
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relatively  to  the  axis  traversing  B,  at  the  beginning  and  end 
respectively  of  the  interval  of  tine  in  which  the  rotating  piece 
turns  through  the  angle  A  O  A'  (fig.  19)  =  A  B  A'  (fig.  20).  The 
translation  of  A  relatively  to  this  new  axis  consists  in  revolution 
in  a  circle  of  the  radius  B  A,  in  the  same  direction  with  the  rota- 
tion (that  is,  in  the  present  example,  right-handed);  and  the 
velocity  of  that  relative  translation  is  B  A  x  the  angular  velocity 
of  rotation.  Fig.  21  shows  how,  by  a  similar  construction,  the 
motion  of  B  relatively  to  an  axis  traversing  A  is  represented. 
Take  A  in  fig.  21  to  represent  at  once  the  trace  and  the  projec- 
tion, on  a  plane  of  rotation,  of  an  axis  parallel  to  the  fixed  axis,  and 
traversing  A.  Draw  A  B  and  A  B'  in  fig.  21  parallel  and  equal 
respectively  to  A  B  and  A'  K  in  fig.  19.  Then  B  and  B'  in  fig. 
21  represent  two  successive  positions  of  B  relatively  to  the  axis 
traversing  A,  at  the  beginning  and  end  respectively  of  the  interval 
of  time  in  which  the  rotating  piece  turns  through  the  angle  A  O  A' 
(^g.  19)  =  BAF  (^g.  21);  the  translation  of  B  relatively  to  this 
new  axis  consists  in  revolution  in  a  circle  of  the  radius  A  B,  in 
the  same  direction  with  the  rotation  (that  is,  in  the  present  ex- 
ample, right-handed);  and  the  velocity  of  that  relative  translation 
is  A  B  x  the  angular  velocity,  and  is  at  each  instant  equal,  parallel, 
and  contrary  to  the  velocity  of  translation  of  A  relatively  to  B, 
agreeably  to  the  general  principle  stated  at  the  end  of  Article  A2> 
page  21. 

53.   Comparative  motion  of  Points  in  a   Rotating  Piece. — In   fig. 

19,  page  26,  as  before,  let  A  and  B  be  the  projections  at  a  given 
instant,  on  a  plane  of  rotation,  of  two  points  whose  motions  are  to 
be  compared.  The  directions  of  motion  of  those  points  at  that 
instant  are  represented  by  the  straight  lines  A  a,  B  6,  tangents  to 
the  circles  in  which  the  points  revolve  about  the  axis  O ;  and  the 
directional  relation  of  the  points  is  expressed  by  the  fact,  that  the 
angle  between  those  directions  of  motion  is  equal  to  the  angle 
A  O  B,  between  the  perpendiculars  let  fall  from  the  two  points  on 
the  axis  O;  or,  in  other  words,  the  angle  between  the  planes- 
traversing  that  axis  and  the  two  points  respectively;  of  which. 
planes  O  A  and  O  B  are  the  traces  upon  the  plane  of  rotation ;  for 
the  directions  of  motion,  A  a,  B  6,  are  respectively  perpendicular 
to  those  two  planes. 

The  velocity-ratio  of  the  two  points  is  equal  to  the  ratio  O  B  :  O  A 
borne  to  each  other  by  the  radii  of  their  circular  paths.  In  other 
▼ords,  if  A  a  =  A  A'  be  taken,  as  before,  to  represent  the  velocity 
of  A,  and  B  b  =  B  B'  to  represent  the  velocity  of  B,  then 

OA:OB::A«:B5; 

and  if  the  velocities  of  any  number  of  points  in  a  rotating  piece 
He  compared  together,  they  are  all  proportional  respectively  to 
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the  perpendicular  distances  of  those  points  from  the  axis  of 
rotation. 

It  is  obvious  that  all  points  in  a  circular  cylindrical  surface 
described  about  the  axis  of  rotation  have  equal  velocities.  The  dotted 
circles  in  fig.  19,  page  26,  represent  the  traces  of  two  such  surfaces. 

The  relative  motions  of  any  two  pairs  of  points  in  a  rotating 
piece  may  be  compared  together.  For  example,  let  it  be  pro- 
posed to  compare  the  motion  of  A  relatively  to  B  with  the  motion  of 
B  relatively  to  O.  Then,  because  the  velocity  of  the  motion  of  A 
relatively  to  B  is  proportional  to  B  A,  and  its  direction  perpen- 
dicular to  the  plane  whose  trace  is  B  A,  while  the  velocity  of  the 
motion  of  B  relatively  to  O  is  proportional  to  O  B,  and  its 
direction  perpendicular  to  the  plane  of  which  O  B  is  the  trace,  the 
directional  relation  is  expressed  by  the  angle  made  by  those  planes 
with  each  other,  and  the  velocity-ratio  by  the  ratio  B  A  :  O  B 
borne  to  each  other  by  the  projections  on  the  plane  of  rotation  of 
the  two  lines  of  connection  of  the  two  pairs  of  points. 

54.   Relative  and  Comparative  Translation  of  a  Pair  of  Rigidly 

Connected  Points. — The  following  proposition  is  applicable  to  all 
motions  whatsoever  of  a  pair  of  points  so  connected  that  the 
•distance  between  them  is  invariable.  It  forms  the  basis  of  nearly 
the  whole  theory  of  combinations  in  mechanism,  and  many  of  its 
consequences  will  be  explained  in  the  ensuing  chapters  of  this 
Part  At  present  it  is  introduced  with  a  view  to  its  application 
to  pairs  of  points  in  a  rotating  piece. 


Fig.  25. 


Pig.  26. 


Theorem. — 1/ two  points  are  so  connected  tliat  their  distance  apart 
is  invariable,  the  components  oftlveir  velocities  along  the  straiglU  line 
which  traverses  them  both  must  be  equal;  for  if  those  component 
velocities  are  unequal,  the  distance  between  the  points  most 
necessarily  change. 

The  straight  line  which  traverses  the  points  is  called  their  Line 
of  Connection. 

For  example,  in  fig.  25,  let  A  and  B  represent  two  points  in  the 
plane  of  the  paper,  whose  distance  apart,  A  B,  is  invariable.  At  a 
given  instant  let  the  velocities  of  those  points  be  represented  by 
ht  lines,  which  may  be  in  the  same  plane,  or  in  different  planes. 
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according  to  circumstances;  and  let  A  a  and  Bb  be  the  projections 
of  those  lines.     From  a  and  b  let  fall  a  c  and  b  c'  perpendicular  to 
the  line  of  connection,  AB;  these  will  be  the  traces  of  two  planes 
perpendicular  to  the  line  of  connection,  and  traversing  respectively 
the  points  of  which  a  and  b  are  the  projections;  the  parts  A  c  and 
Be',  cut  ofF  by  those  planes  from  the  line  of  connection  (produced 
where  necessary),  will  be  the  components  along  that  line  of  the 
velocities  of  A  and  B  respectively;  and  those  components  must 
necessarily  be  equal — that  is,  B  c'  =  Ac     The  component  velo- 
cities transverse  to  the  line  of  connection  are  represented  by  the 
lines  whose  projections  are  c  a  and  C  b,  and  may  bear  to  each  other 
any  proportion  whatsoever. 

The  same  principle  is  illustrated  in  fig.  19,  page  26.  In  that 
figure  A  a  and  B  6  represent  the  velocities  of  two  points,  A  and 
B,  whose  line  of  connection  is  A  B,  and  is  of  invariable  length ; 
«c  and  be'  are  perpendiculars  let  fall  from  a  and  b  upon  A  B, 
produced  where  necessary;  and  Ac  and  Be'  represent  the  com- 
ponent velocities  of  A  and  B  along  the  Hue  of  connection,  which 
are  equal  to  each  other. 

Rule. — Given  (in  fig.  25),  a  pair  of  rigidly  connected  points,  A 
and  B,  and  the  directions  of  Hie  projections  A  a  and  B  b  upon  a 
filane  traversing  AB,o/  their  velocities  at  a  given  instant,  to  find 
tlte  ratio  of  t/tose  projections  or  component  velocities  to  each  other.  In 
%  2G,  draw  O  c  of  any  convenient  length  parallel  to  A  B,  and  a  c  b 
perpendicular  to  it ;  through  O  draw  O  a  in  fig.  26  parallel  to 
A  a  in  fig.  25,  and  0  6  in  tig.  26  parallel  to  B  b  in  fig.  25 ;  then 
the  required  ratio  is 

B^   _  OJ 

Aa  ~  Oa 

55.   CoMponcnto   of   Telocity   of  n   Point   In   it   Rotating    Piece— 

Periodical  motion.    (A.  M.t  380.) — The  component  parallel  to  an 

axis  of  rotation,  of  the  velocity  of  a  point 

in  a  rotating  body  relatively  to  that  axis, 

is  nothing.     That  velocity  may  be  resolved 

into  rectangular  components  parallel  to  the 

plane  of  rotation.     Thus  let  O  in  fig.  27 

represent  the  projection  and  trace  of  the 

axis  of  rotation  of  a  body  whose  plane  of 

rotation  is  that  of  the  figure ;  and  let  A  be 

the  projection  of  a  point  in  the  body,  the 

radius  of  whose  circular  path  is  O  A.     The 

velocity  of  that  point  being  =  O  A  x  angular  velocity,  let  it  be 

represented  by  the  straight  line  A  V  perpendicular  to  O  A.     Let 

B  A  be  any  direction  in  the  plane  of  rotation  parallel  to  which  it 

is  desired  to  find  the  component  of  the  velocity  of  A.     From  Y 
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let  fall  V  XT  perpendicular  to  B  A;  then  A  XJ  represents  the  com- 
ponent in  question.  Sometimes  the  more  convenient  way  of 
finding  that  component  is  the  following: — 

From  O  let  fall  O  B  perpendicular  to  B  A.  Then  A  and  B 
represent  a  pair  of  rigidly  connected  points;  therefore,  according 
to  Article  24,  the  component  velocities  of  A  and  B  along  A  B  are 
equal  But  B  A,  being  perpendicular  to  O  B,  is  the  direction  of 
the  whole  velocity  of  B;  therefore  the  component,  along  a  given 
straight  line  in  the  plane  of  rotation,  of  the  velocity  of  any  point 
whose  projection  is  in  that  line,  is  equal  to  the  wiwle  velocity  of  the 
point  where  a  perpendicular  from  the  axis  meets  that  line. 

The  whole  velocity  of  B  is  =  O  B  x  the  angular  velocity;  and 
the  velocity-ratio  of  B  to  A,  or,  in  other  words,  the  ratio  of  the 
component  velocity  of  A  along  B  A  to  the  whole  velocity  of  A,  is 
OB:Oiu 

The  velocity  of  a  point  such  as  A  in  a  rotating  piece  may  be 
resolved  into  components,  oblique  (see  fig.  19)  or  rectangular  (see 
fig.  27)  as  the  case  may 
be,  by  regarding  the 
velocity  of  A  relatively 
to  O  as  the  resultant 
of  the  velocity  of  A 
relatively  to  B,  and  of 
that  of  B  relatively  to 
O.  The  directions  of 
that  resultant  velocity 
and  its  two  components 
are  respectively  per- 
pendicular to  0  A, 
B  A,  and  O  B,  and 
their  ratios  to  each 
other  are  equal  to 
those  of  the  lengths  of 
the  same  three  lines. 
This  is  a  particular 
case  of  a  more  general 
proposition,  viz., — that  the  velocities  of  three  points  relatively  to  each 
oUter  are  proportional  to  Hie  Hiree  sides  of  a  triangle  which  make 
with  each  other  tfie  same  angles  tliat  Hie  directions  of  tliose  three 
relative  velocities  do  (A.  M.,  355). 

In  fig.  28,  let  O  be  the  trace  of  the  axis  on  a  plane  of  rotation, 
and  A  a  point  in  the  rotating  piece,  revolving  in  the  circle  O  A, 
so  as  to  assume  successively  a  series  of  positions  such  as  1,  2,  3,  4> 
5,  6,  7,  8;  and  in  each  position  of  A,  let  the  component  velocity 
A  U,  parallel  to  a  fixed  plane  whose  trace  is  the  diameter  8  O  4 
be  compared  with  the  whole  velocity  of  revolution.  A  V. 


Fig.  28. 
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Let  2  O  5  be  a  diameter  perpendicular  to  8  O  4 ;  and  through 
A  draw  A  Y  parallel  to  4  O  8  and  A  X  parallel  to  2  O  6.  Then, 
according  to  the  principles  already  explained,  the  value  of  the 
velocity  ratio  in  question  is, 

AU  _  X  A       OY 

AV"OA"OA; 

and  it  is  evident  that  this  ratio  is  equal  to  nothing  when  A  is  at 
the  points  4  and  8,  and  to  unity  when  A  is  at  the  points  2  and  6. 
Farther,  if  the  velocity  of  revolution  be  considered  as  always 
positive,  and  if  the  component  velocity  A  U  be  considered  as 
positive  when  from  left  to  right,  and  negative  when  from  right  to 

left,  the  ratio  -t—==  is, 
A  V 

in  the  quadrant  812,  positive  and  increasing; 

in  the  quadrant  234,  positive  and  diminishing; 

in  the  quadrant  456,  negative  and  increasing; 

in  the  quadrant  678,  negative  and  diminishing. 

It  thus  undergoes  a  series  of  periodical  variations.  All  this  ia 
expressed  in  symbols  by  the  formula, 

AU 

where  i  denotes  the  angle  that  the  radius  O  A  makes  at  any 
instaut  with  the  radius  O  8. 

Other  and  more  complex  ways  of  resolving  the  motions  of  points 
in  rotatiug  bodies  into  components  will  be  considered  in  the  next 
chapter. 

56.    Comparative  Motion  of  Two  Rotating  Pieces*  and    of  Points 

in  inem. — In  comparing  together  the  rotations  of  two  rotating 
pieces  without  reference  to  the  translations  of  points  in  them,  their 
comparative  speed  is  expressed  (as  already  stated  in  Article  46) 
by  the  angular-velocity  ralio^  or  ratio  of  the  numbers  of  turns  in  a 
given  time;  which  is  also  the  reciprocal  of  the  ratio  of  the  periodic 
tiroes  of  revolution.  When  the  axes  are  parallel,  or  nearly  parallel, 
the  directional  relation  may  be  expressed  simply  by  prefixing  + 
or  —  to  the  velocity-ratio,  according  as  the  directions  of  rotation 
are  similar  or  contrary;  but  there  are  cases  to  be  considered 
further  on,  where  the  relative  angular  positions  of  the  axes  have  to 
be  considered  with  precision. 

When  the  translations  of  two  points  in  two  different  rotating 
pieces  are  compared,  the  directional  relation  is  determined  by 
the  fact,  that  each  ]K)int  moves  in  a  direction  normal  to  a  plane 
traversing  itself  and  the  axis  about  which  it  revolves;  and  that 
the  velocity  of  each  point  is  proportional  to  its  perpendicular 
distance  from  that  axis,  and  the  speed  of  rotation  about  that  axis, 
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jointly.  Hence,  let  a  and  a'  denote  the  angular  velocities  of  two 
rotating  pieces,  or  a  pair  of  numbers  proportional  to  those  angular 
velocities ;  r  and  r*t  the  perpendicular  distances  of  a  pair  of  points 
in  those  two  pieces  from  their  respective  axes,  or  a  pair  of  numbers 
proportional  to  those  distances ;  and  v  and  v  ,  the  respecti ve  velocities 
of  those  two  points,  or  a  pair  of  numbers  proportional  to  those 
velocities;  then  the  velocity -ratio  of  the  points  is, 

v       a  r 


v        ar 

In  order  that  a  pair  of  points  in  a  pair  of  rotating  pieces  may  have 

v' 
equal  velocities — that  is,  in  order  that  —  may  be  =  1,  we  must 

make  the  radii  inversely  proportional  to  the  angular  velocities — 

v'       tt 

that  is,  a'  r'  =  a  r,  or  -  =  — .. 

r      a 

Section  IV. — Screw-W:e  Motion  of  Primary  Pieces. 

57.  Helical  or  Screw-like  Motion  (A.    J/.,   382,)  is   compounded 

of  rotation  about  a  fixed  axis,  and  of  translation  along  that  axis : 
the  advance  (as  the  translation  in  a  given  time  is  called)  bearing  a 
constant  proportion  to  the  rotation  in  the  same  time;  in  other 
words,  the  moving  piece  advances  along  the  axis  of  rotation 
through  an  uniform  length  during  each  turn. 

The  subject  of  the  resolution  of  screw-like  motion  into  com- 
ponents in  other  and  more  complex  ways  will  be  considered  in 
the  next  chapter. 

58.  «e»er«l  Figure  of  n  Screw— Pitch.  (4.  3/.,  471.) — In  order 
that  a  primary  moving  piece  may  have  screw-like  motion,  its 
figure  ought  to  be  that  of  a  true  screw ;  and  it  ought  to  turn  in 
a  bearing  of  the  same  figure,  fitting  it  accurately.  The  figure 
of  a  screw  may  be  described  in  general  terms  as  consisting  of  a 
projection  of  uniform  cross-section  called  the  thread,  winding  in 
successive  coils  round  a  circular  cylinder.  The  best  form  of 
section  for  the  thread  of  a  screw  that  is  to  be  used  as  a  primary 
moving  piece  for  producing  helical  motion  only,  and  not  as  a 
fastening,  nor  in  "screw  gearing,"  is  rectangular.  The  forms 
suited  for  other  purposes  will  be  considered  later.  There  are  two 
sorts  of  screws,  convex,  or  external,  and  concave,  or  internal;  in 
the  former  the  thread  winds  round  the  outside  of  a  cylindrical 
spindle;  in  the  latter  it  winds  round  the  inside  of  a  hollow  cylinder. 
When  the  word  "  screw  "  is  used  without  qualification,  an  external 
screw  is  usually  meant;  an  internal  screw  is  called  a  "nuLn 
When  a  primary  moving  piece  is  an  external  screw,  its  bearing  is 
an  internal  screw ;  when  the  primary  moving  piece  is  an  internal 
screw,  the  bearing  is  an  external  screw.     The  truth  or  accuracy  of 
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figure  of  a  screw  depends  mainly  on  the  ]>erfect  uniformity  of  the 
jnfcft;  that  is  to  say,  the  distance,  measured  parallel  to  the  axis, 
from  any  point  in  one  coil  of  the  thread  to  the  corresponding 
point  in  the  next  coil.  For  example,  the  pitch  of  the  screw  R  iu 
fig.  29,  so  long  as  it  is  measured  parallel  to  the  axis,  may  be 
mtasured  either  from  D  to  F,  from  E  to  G,  from  F  to  H,  or  from 
G  to  K,  or  between  any  pair  of  corresponding  points  in  two 
soccessive  coils;  and  it  ought  to  be  exactly  the  same  wheresoever 
it  is  measured.  The  pitch  is  also  the  uniform  distance  through 
which  the  screw  advances  at  each  turn. 

59.  Riffat*Haadcd  and  Left-Handed  Screws. — A  screw  is  said  to 

be  right-handed  or  left-handed 

A; ~A  according  as  right-handed  or 

left-handed  rotation  is  required 
in  order  to  make  it  advance ; 
and  this  is  a  permanent  dis- 
tinction, and  not  dependent 
on  the  position  of  the  spec- 
tator, as  the  distinction  be- 
tween right-handed  and  left- 
handed  rotation  is  (Article  48, 
page  2j).  For  example,  in  fig. 


Fig.  20. 


29,  L  is  a  left-handed  screw, 
and  R  a  right-handed  screw. 


Most  screws  used  in  the  arts  are  right-handed;  left-handed  screws 
are  made  fur  special  purposes  only. 

60.   Comparative  Motion  of  a  Point  In  a  Screw. — The   principles 

of  the  present  Article  apply  not  only  to  any  point  in  the  thread  or 
in  the  spindle  of  a  screw,  but  to  any  point  in  a  body  that  is  rigidly 
attached  to  the  screw,  so  as  to  move  along  with  the  screw  as  one 
piece ;  such  as  a  wheel  or  a  lever  fixed  to  and  turning  with  the 
screw.  In  fig.  29,  let  A  B  be  the  axis  of  the  screw,  and  C  a  point 
rigidly  attached  to  it  at  the  perj>endicular  distance  C  A  from  the 
axis.  Then,  while  the  screw  makes  one  turn  the  motion  of  the 
point  C  is  the  resultant  of  two  components  at  right  angles  to  each 
«»ther:  an  cuivaixce,  along  with  the  whole  screw,  in  a  direction 
parallel  to  the  axis,  through  a  distance  equal  to  the  pitch  of  the  screw ; 
aud  a  revolution,  round  a  circle  described  about  the  axis  with  the 
radius  A  C,  and  having,  therefore,  the  circumference  6*2832  A  C. 
Iu  most  questions  of  comparative  motion  connected  with  screws, 
the  quantity  of  most  importance  is  the  velocity-ratio  of  those  two 
components  of  the  motion  of  a  given  point,  and  it  is  expressed  as 
follows  :— 

velocity  of  revolution      circumference  _  6-2832  A  C 
velocity  of  advance    ~"         pitch         "        D  F      * 
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61.  Path    of  a   Point   in   a   Screw — Linear    Screw   or  Helix. — A 

point  in,  or  rigidly  attached  to,  a  screw,  traces  a  path  which  may 
be  called  a  screw-shaped  line  or  linear  screw.  By  mathematicians 
it  is  called  a  helix.  A  helix  winds  round  in  successive  similar  coils 
upon  a  cylindrical  surface  described  about  the  axis  of  rotation  with 
a  radius  equal  to  the  perpendicular  distance  of  the  tracing  point 
from  the  axis.  The  distance,  measured  parallel  to  the  axis,  between 
any  two  successive  coils  is  everywhere  the  same,  and  is  identical 
with  the  pitch  of  the  screw;  and  the  angle  of  inclination  of  the 
)jnear  screw  to  the  axis  is  everywhere  the  same. 

Points  in,  or  rigidly  attached  to,  a  screw,  at  equal  distances  from 
the  axis,  trace  by  their  motion  equal  and  similar  linear  screws  on 
one  and  the  same  cylindrical  surface.  Points  at  unequal  distances 
from  the  axis  trace  different  linear  screws,  inclined  to  the  axis  at 
different  angles,  and  situated  on  cylindrical  surfaces  of  unequal 
radii ;  but  the  pitch  of  all  those  linear  screws  is  the  same.  All  the 
edges,  whether  projecting  or  re-entering,  of  a  screw-thread  are 
linear  screws. 

A  linear  screw  may  be  traced  on  a  cylindrical  surface  by  any 
mechanical  contrivance  which  ensures  that,  while  the  cylinder 
rotates,  the  tracing  point  shall  advance  along  a  line  parallel  to  the 
axis  at  a  rate  bearing  a  constant  proportion  to  the  rate  of  rotation. 
This  will  be  further  considered  in  that  part  of  this  treatise  which 
relates  to  the  construction  of  machinery. 

A  linear  screw  is  the  shortest  line  on  the  surface  of  a  cylinder 
between  two  points  that  are  neither  in  one  plane  traversing  the 
axis  nor  in  one  plane  perpendicular  to  the  axis;  and  a  cord  or  a 
flexible  wire  stretched  on  a  cylindrical  surface  between  two  such 
points  tends  to  assume  of  itself  the  figure  of  a  linear  screw. 

62.  Projection  of  a  Linear  Screw.— The    most    useful    projection 

of  a  linear  screw  is  that  upon  a  plane  traversing  the  axis,  and  is 
drawn  as  follows : — In  fig.  30,  let  A  B  represent  the  axis  of  the  screw. 
Draw  DAC  perpendicular  to  A  B,  making  A  C  =  A  D  =  the 
radius  of  the  cylindrical  surface  in  which  the  helix  is  to  be  situated. 
Draw  D  I  and  C  F  parallel  to  AB;  those  two  lines  will  be  the 
traces  of  the  cylindrical  surface.  About  A,  with  the  radius  A  C, 
<3raw  the  semicircle  CKD;  this  represents  the  trace  of  one-half 
of  the  cylindrical  surface  on  a  plane  perpendicular  to  its  axis, 
"  rabatted  "  upon  the  plane  of  projection.  Divide  the  semicircle 
into  any  convenient  number  of.  equal  arcs  (Article  51,  page  27); 
the  greater  the  number  of  those  divisions,  the  greater  will  be  the 
accuracy  of  the  projection.  In  fig.  29  the  semicircle  is  divided  into 
six  equal  arcs  only;  in  practice  a  greater  number  will  in  general  be 
required. 

On  C  F,  or  any  other  line  parallel  to  the  axis,  lay  offCE=  the 
intended  pitch  of  the  screw,"  and  divide  it  into  twice  as  many 


HELlJt  OB  LtXKAB  SCREW. 


|iu]    parts    as    there    are    equal    divisions    in    the    semicircle 

KD. 

Through  the  point*  of  division  of  the  semicircle  draw  straight 


Fig.  30. 


ies  parallel  to  A  B;  and  through  the  points  of  division  of  the 
tch  draw  straight  lines  perpendicular  to  A  B;  tho  points  of 
tersection  of  successive  pairs  of  those  two  sets  of  lines  will  be 
■ints  in  the  required  projection  of  the  linear  screw,  CGLE, 
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which  can  then  be  drawn  through  those  points.  This  is  the  pro- 
jection of  one  coil ;  and  as  many  successive  coils  as  may  be  required 
may  be  projected  by  simply  repeating  the  same  curve.  In  tig.  30 
the  projection,  E  H  M  F;  of  a  second  coil  is  shown;  and  it  has 
been  constructed  by  laying  off  an  uniform  distance  parallel  to  the 
axis  and  equal  to  the  pitch  from  each  projected  point  of  the  first 
coil ;  for  example,  G  H,  L  M,  E  F. 

The  half  coils  on  the  nearer  side  of  the  cylinder,  viz.,  G  L  E 
and  H  M  F,  are  drawn  in  thicker  lines  than  the  half  coils,  C  G, 
E  H,  on  the  farther  side  of  the  cylinder.  The  screw  is  right- 
handed.  Had  it  been  left-handed,  C  G  and  EH  would  have  been 
on  the  nearer  side,  and  G  E  and  H  F  on  the  farther  side  of  the 
cylinder. 

63.  Development  of  a  Linear  Screw. — The  development  of  any 
figure  drawn  on  a  curved  surface  consists  in  supposing  the  surface 
to  be  a  flexible  sheet,  and  drawing  the  appearance  which  the  figure 
would  present  if  that  sheet  were  spread  out  flat  on  a  plane.  Some 
curved  surfaces  only  arc  capable  of  being  developed,  such  as  a 
cylinder,  and  a  cone ;  others,  such  as  a  sphere,  are  not.  To  draw 
the  development  of  the  cylindrical  surface  in  fig.  30,  as  bounded  by 
the  two  circles  whose  projections  are  C  D  and  F  I,  draw  C  c  per- 
pendicular to  A  B,  and  equal  in  length  to  the  circumference  of  the 
cylinder  (see  Article  51,  page  27),  and  complete  the  rectangular 
parallelogram  C  c/F;  this  will  be  the  required  development  of  the 
cylindrical  surface. 

To  draw  the  development  of  one  coil,  C  G  E,  of  the  linear  screw, 
take  ce  =  the  pitch  C  E;  draw  the  straight  line  C  e;  this  will  be 
the  required  development.  To  draw  the  development  of  the 
second  coil,  E  H  F,  take  ef  =  the  pitch,  and  draw  the  straight 
line  E/";  and  so  on  for  any  required  number  of  coils. 

The  uniform  angle  of  inclination  of  the  linear  screw  to  the  axis 
isEC«  =  FE/. 

One  method  of  drawing  a  screw  on  a  cylindrical  surface  is  first 
to  draw  its  development  on  a  sheet  of  some  flexible  substance,  and 
then  to  roll  that  sheet  round  a  cylinder  of  the  proper  radius. 

The  several  points  in  the  development  marked  with  small  letters 
are  the  respective  developments  of  the  points  marked  with  the 
corresponding  capital  letters  in  the  projection. 

To  draw  the  development  of  the  series  of  lines  parallel  to  the 
axis  which  pass  through  the  points  of  division  of  the  circumference, 
divide  C  c  into  twice  as  many  equal  parts  as  the  semicircle  C  D 
is  divided  into,  and  draw  straight  lines  parallel  to  C  F  through  the 
points  of  division,  such  as  d  i,  q  to,  <fcc. 

The  length  of  one  coil  of  the  screw  is 

C  e  =  J  (circumference  *  +  pitch  *). 


LINEAR  8CRKW8 — CURVATURE — NORMAL   PITCH. 
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64.  The  RadiM  «r  Carratare  of  a  linear  screw  is  found  by  the 
following  construction : — In  fig.  31,  let  A  C  be  the  radius  K 
of  the  cylindrical  surface  in  which  the  screw  is  situated. 
Draw  A  Y,  making  the  angle  CAY  equal  to  the  angle 
which  the  screw  makes  with  a  plane  perpendicidar  to  its 
axis.  Draw  C  Y  perpendicular  to  A  C,  cutting  A  Y  in 
Y,  and  Y  Z  perpendicular  to  A  Y,  cutting  A  C  produced 
in  Z.  A  Z  will  be  the  required  radius  of  curvature.  Its 
length  may  also  be  found  by  calculation,  as  follows : — 

\  circumferences 

Go.  Nmrmmi  Pitch.    (A,  M.,  472.) — By  the  normal  pitclt,    f^.  31. 


)■ 


of  a  linear  screw  is  to  be  understood  the  distance  from 
one  coil  to  the  next,  measured,  not  parallel  to  the  axis,  but  along 
the  shortest  line  on  the  cylindrical  surface  between  the  two  coils  ; 
that  is  to  say,  along  another  helix  or  linear  screw  which  cuts  all 
the  coils  of  the  original  linear  screw  at  right  angles.  The  normal 
pitch  is  to  be  determined  from  the  development  of  the  screw,  as 
follows : — In  fig.  30,  from  c  let  fall  c  n  perpendicular  to  C  e;  en  will 
be  the  normal  pitch.  The  straight  line  c  n  is  part  of  the  develop- 
ment of  the  normal  Mix,  as  it  may  be  called.  When  produced,  it 
cuts  Ey,  the  development  of  the  next  coil,  in  0,  and  n  0  —  c  n  is  also 
the  normal  pitch.  By  finding  the  intersections,  such  as  /?,  of  the 
development  of  the  normal  helix  with  the  series  of  straight  lines 
I  ui  ml  lei  to  the  axis,  any  number  of  points,  such  as  P,  in  the  pro- 
jection of  the  normal  helix,  CNOP,  may  be  found  if  required. 
The  normal  pitch  may  be  calculated  by  the  following  formula : — 


—       (J  c   c  e 


circumference   x   pitch 
length  of  one  coil 


The  pilch  of  Hie  normal  JieliXj  if  required,  may  be  found  by  pro- 
ducing c  p  in  fig.  30  till  it  cuts  C  F  produced,  and  measuring  the 
distance  of  the  point  of  intersection  from  C;  and  then  its  radius 
of  curvature  may  be  found  by  a  construction  like  that  in  fig.  31  ; 
but  in  general  it  is  more  convenient  to  find  these  quantities  by 
calculation,  as  follows : — 

.....  ,  .    ..  circumference2 

pitch  of  normal  helix  =  —r—. — r. — — . — ,  .    ..  - 
*  pitch  ot  original  helix 

,.        „  ,  „  . ,    ,.         .  ~   /,         circumference2    \ 

radios  of  curvature  of  normal  helix  =  A  U  •  [  1  +  —r—i — - — .-— r-r-~ *  )• 

\       pitch  of  ong.  helixv 

The  sum  of  the  reciprocals  of  the  radii  of  curvature  of  the 
original  helix  and  the  normal  helix  is  equal  to  the  reciprocal  of 

the  radius  of  the  cylinder;  that  is,  to  xtt* 
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The  pitch  of  a  screw  as  measured  parallel  to  the  axis  may  be 
called  the  axial  pitch,  in  order  to  distinguish  it  from  the  normal 
pitch ;  but  when  the  word  "  pitch  "  is  used  without  qualification, 
axial  pitch  is  always  to  be  understood. 

The  several  linear  screws  which  exist  in  the  figure  of  an  actual 
solid  screw,  or  which  are  described  by  points  in  it  or  rigidly 
attached  to  it,  have  all  the  same  axial  pitch;  but  they  have  not 
the  same  normal  pitch  except  when  they  are  situated  on  the  same 
cylindrical  surface. 

66.  iMridcd  Pitch.— A  screw  sometimes  has  #more  than  one 
thread,  in  which  case  the  distance  between  any  coil  of  any  one 
thread  and  the  next  coil  of  the  same  thread  is  divided  by  the  other 
threads  into  as  many  parts  as  the  total  number  of  threads.  In 
that  case  the  distance  from  a  point  in  one  thread  to  the  correspond- 
ing point  in  the  next  thread  may  be  called  the  divided  pitch,  to  dis- 
tinguish it  from  the  distance  between  two  successive  coils  of  the  same 
thread,  or  pitch  proper,  which  may,  when  required,  be  designated 
as  the  total  pitck  The  advance  of  the  screw  at  each  revolution 
depends  on  the  total  pitch  only,  in  the  manner  already  explained, 
and  is  wholly  independent  of  the  number  of  threads  and  of  the 
divided  pitch;  so  that  division  of  the  pitch  does  not  affect  the 
motion  of  a  screw  as  a  primary  piece.  Its  use  in  combinations  of 
pieces  will  be  afterwards  explained. 

Division  of  the  pitch  of  a  linear  screw  is  illustrated  in  fig.  30, 
where  two  additional  linear  screw  threads,  marked  by  dotted  lines, 
are  shown  dividing  the  pitch  of  the  original  screw  into  three  equal 
}>arts.  To  avoid  confusion,  one  only  of  the  additional  screw-lines 
is  lettered,  viz.,  that  marked  QRSTUVW  in  the  projection, 
and  qr,  Rstu,  JJvw,  in  the  development.  The  other  is  un- 
lettered. The  divided  axial  pitcJi  is  C  R  =  J  C  E,  and  the  divided 
normal  pitch  c«=  \cn. 

The  several  linear  screw  threads  in  a  case  of  this  kind  are  all 
parallel  and  similar  to  each  other;  and  in  the  development  they  arc 
represented  by  parallel  straight  lines.  They  divide  the  circum- 
ference into  as  many  equal  parts  as  there  are  threads;  and  the 
length  of  one  of  those  parts  may  be  called  the  circular  or 
circumferential  pitch.  In  tig.  30,  the  circular  pitch  is  represented 
by  the  arc  C  Q',  and  by  its  development  c  q. 
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CHAPTER  III. 

OF  THE  M0TI0N8  OF  SECONDARY  MOVING  PIECES. 

67.  General  Principle..  (A.  M.f  383,  384, 503.)— In  the  present 
chapter  the  general  principles  only  of  the  motions  of  secondary 
moving  pieces  in  machines  can  be  given,  many  of  their  most 
important  applications  being  reserved  for  that  chapter  which  will 
treat  of  "  Aggregate  Combinations  in  Mechanism,"  and  some  for 
the  chapter  on  "  Elementary  Combinations."  The  mechanism  for 
producing  the  motions  of  secondary  moving  pieces  belongs  wholly 
to  those  later  chapters. 

Secondary  moving  pieces  have  already  been  defined  (in  Article 
37,  ]»age  17)  as  those  which  are  carried  by  other  moving  pieces, 
or  which  have  their  motions  not  wholly  guided  by  their  con- 
nection with  the  frame.  Their  motions,  therefore,  are  not 
restricted,  like  those  of  primary  pieces,  to  translation  in  a  straight 
line,  rotation  about  a  fixed  axis,  and  that  combination  of  those 
two  motions  which  constitutes  the  motion  of  a  screw  with  a  fixed 
axis ;  they  comprehend  translations  along  curved  lines  of  various 
figures,  rotations  about  shifting  axes,  and  various  combinations  of 
translations  and  rotations.  The  paths  of  points,  too,  in  secondary 
pieces  are  not  restricted  to  three  forms — the  straight  line,  the  circle, 
and  the  helix;  they  comprehend  a  great  variety  of  curved  lines, 
both  plane  and  of  double  curvature.  The  comparative  motions 
of  any  two  points  in  a  primary  piece  are  constant.  The  com- 
parative motions  of  two  points  in  a  secondary  piece  very  often 
vary  from  instant  to  instant  as  the  piece  changes  its  position. 

In  many  cases  the  motions  of  secondary  pieces  are  partially 
guided  or  restricted.  For  example,  a  secondary  piece  may  be 
Si)  guided  that  all  its  movements  take  place  parallel  to  a  fixed 
plane;  in  which  case  its  motions  are  restricted  to  translations 
parallel  to  the  fixed  plane,  and  rotations  about  axes  perpendicular 
to  it ;  and  the  paths  of  its  points  are  restricted  to  lines,  straight  or 
curved,  in  or  parallel  to  that  plane;  and  this  restricted  case  is  by 
far  the  most  common  in  mechanism.  Another  kind  of  restriction 
on  the  movements  of  a  secondary  piece  is  when  it  turns  about  a 
ball  and  socket  joint,  or  some  equivalent  contrivance,  so  that  one 
point  at  the  centre  of  the  joint  is  kept  fixed :  in  this  case  its 
motions  are  restricted  to  rotations  about  axes  traversing  that 
fixed  point;   and  the  motions  of  points  in  it  are  restricted  to 
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curves  situated  in  spherical  surfaces  described  about  the  fixed  point. 
Cases  in  which  the  movements  of  secondary  moving  pieces  are  not 
restricted  in  one  or  other  of  those  ways  are  comparatively  rare. 

The  geometrical  problems  relating  to  the  motions  of  secondary 
moving  pieces  may  be  divided  into  the  two  following  classes: — 

I.  When  the  motions,  in  most  cases,  of  two,  and  at  furthest  of 
three,  points  in  a  secondary  moving  piece  are  given,  and  it  is 
required  to  find  the  motion  of  any  other  point  in  the  piece,  or  of 
the  piece  as  a  whole.  All  problems  of  this  class  depend  for  their 
solution  on  the  principle  of  Article  54,  page  32. 

II.  When  there  are  two  moving  pieces  or  moving  points,  C  and 
B,  the  frame  of  the  machine  being  denoted  by  A,  and  two  out  of 
the  three  motions  of  A,  B,  and  C  relatively  to  each  other  being 
given,  it  is  required  to  find  the  third  of  those  motions.  All 
problems  of  this  class  depend  for  their  solution  on  the  principle 
(already  stated  in  Article  42,  page  21)  that  the  motion  of  C  rela- 
tively to  A  is  the  resultant  of  the  motions  of  B  relatively  to  A, 
and  of  C  relatively  to  B. 

68.   Tran»laslon  of  Secondary  TfloTlng  Pieces.     (A.  M.,  369.) — If, 

in  a  moving  piece  whose  movements  are  not  restricted,  the  direc- 
tions of  motion  of  three  points  not  in  the  same  straight  line  are 
parallel  to  each  other  and  oblique  to  the  plane  of  the  three  points; 
or  if,  in  a  moving  piece  restricted  to  movements  parallel  to  one 
plane,  the  motions  of  two  points  are  parallel  to  each  other  and 
oblique  to  the  line  of  connection  of  the  points ;  then  the  motion  of 
the  whole  piece  is  a  translation.  All  the  points  in  the  piece  describe 
equal  and  similar  paths,  straight  or  curved;  and  all,  at  a  given 
instant,  move  with  equal  velocities  in  parallel  directions.  The 
motion  of  any  pair  of  points  in  the  moving  piece  relatively  to 
each  other  is  nothing;  and  their  comparative  motion  consists 
in  the  directional  relation  of  parallelism  and  the  velocity-ratio 
of  equality. 

To  exemplify  the  translation  of  all  the  points  of  a  moving  piece 
in  equal  and  similar  curved  paths,  we  may  take  the  case  of  a 
coupling-rod  (fig.   32)  which   connects  together  a  pair  of  equal 
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Fig.  32. 
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cranks,  A  C,  B  D,  and  has  its  effective  length,  0  D,  equal  to  the 
jieqieudicular  distance,  A  B,  between  the  axes  of  rotation  of  the  two 
cranks.  The  motion  of  that  coupling-rod  is  one  of  translation,  in 
which  all  the  particles  describe  with  equal  speed  equal  and  similar 
circles  of  the  radius  AC  =  B  D,  in  planes  perpendicular  to  the 
axes  A  and  B.  The  same  is  the  case  with  any  particle  rigidly 
attached  to  the  coupling-rod ;  such  as  F,  which  revolves  in  a  circle 
of  the  radius  EF  =  AC;  uo  that,  for  example,  the  points  C,  D, 
*nd  F  move  simultaneously  through  the  equal  and  similar  arcs 
CC,D  D',  F  F'. 

69.    Relation    Parallel    to    a    Fixed    Plane  —  Temporary    Axis  — 

■■*»■!(»■«•«■■  AxIm. — The  cases  next  in  order  as  to  complexity  are 
those  in  which  all  the  movements  of  the  piece  are  parallel  to  a 
fixed  plane;  and  the  following  are  the  problems  which  present 
themselves : — 

I.  Given,  lite  pctUts  of  two  points  in  a  moving  piece,  the  distance 
between  tfusir  projections  on  tJie  plan*  of  motion,  and  two  successive 
positions  ofane  qftlusm,  to  find  tlie  temporary  axis  of  motion  of  tJie 
piece. 

In  fig.  33,  let  the  plane  of  projection  and  of  motion  be  that  of 


Fig.  33. 


Fig.  84. 


the  paper,  and  let  the  partly  dotted  lines  A  A'  and  B  B  be  the 
projections  of  the  paths  of  the  two  points,  which  may  be  straight 
lines  or  plane  curves  of  any  figure,  subject  only  to  the  limitation 
that  the  distance  between  the  points  is  invariable.  Let  A  and  A' 
be  the  given  two  successive  positions  of  one  of  the  poiuts.  About 
A  and  A'  respectively,  with  the  projection  of  the  line  of  connection 
as  a  radius,  draw  circular  arcs  cutting  the  projected  path  of  the 
other  point  in  B  and  B';  these  will  be  the  projections  of  the  two 
successive  positions  of  the  second  point ;  and  the  straight  lines 
A  B  and  A'  B  will  be  the  projections  of  the  line  of  connection  in 
the  two   successive  positions  of  the  moving  piece.     Draw   thft 
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Fig.  36. 


A  I  and  B'  I  =  B  I,  I  represents 
the  same  point  in  the  two  positions 
of  the  piece;  and  therefore  I  is  the 
projection  and  the  trace  of  a  line  per- 
pendicular to  the  plane  of  motion, 
whose  position  is  the  same  after  the 
motion  of  A  to  A'  and  of  B  to  B'  that 
it  was  before.  That  line  may  be  called 
the  Temporary  Axis  of  Motion  of  the 
moving  piece,  because  the  change  of 
position  of  the  piece  is  the  same  as  if 
it  had  been  turned  through  an  augle 
A  I  A'  =  B  I  B'  about  that  line. 

Let  E  be  the  point  of  intersection 
of  A  B  and  A  B'.  Then  the  straight 
line  E  I  bisecting  the  angle  AEB' 
traverses  the  temporary  axis  I;  and 
this  affords  a  means  of  finding  that  axis  when  (J  I  and  D  I  cut  each 
other  at  an  angle  so  oblique  as  to  make  it  dillicult  to  determine 
precisely  their  point  of  intersection. 

When  BB'  is  parallel  to  A  A',  as  in  figs.  34  and  35,  C  I  and 
DI  become  parts  of  one  straight  line,  and  have  no  intersection; 
and  then  the  point  I  is  determined  by  its  coinciding  with  E.  In 
most  cases  of  this  kind  it  is  necessary  that  the  two  successive 
positions  of  B  should  be  given  as  well  as  those  of  A 

II.  Given  (in  fig.  36),  tlte  projections  A  and  B,  at  a  given  instant, 

of  two  points  in  a  moving  piece 

r^s*  „        ^c  on  tlte  plane  of  motion,  and  the 

simultaneous  directions  of  mo- 
tion of  those  points,  Aaa>;(/Bb, 
to  find  the  instantaneous  axis 
qf  tlte  moving  piece ;  an d  thence 
to  deduce  tlte  comparative  mo- 
tions, at  t/ie  given  insta)it,  of  the 
given  points,  and  of  any  other 
points  in  tlte  moving  ]riece. 

If  the  simultaneous  direc- 
tions of  motion  of  the  given 
points  are  perpendicular  to 
their  line  of  connection,  the 
problem  requires  additional 
data  for  its  solution,  which  will  be  stated  in  Rule  III.  If  those 
directions  are  parallel  to  each  other,  and  not  perpendicular  to  the 
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line  of  connection,  the  motion  of  the  piece  is  one  of  translation, 
like  that  referred  to  in  Article  68,  page  44.  The  present  rule  com- 
prehends all  cases  in  which  the  given  directions  are  not  parallel  to 
each  other. 

Through  A  and  B  draw  A I  and  B I  perpendicular  respectively 
to  A  a  and  B  6,  and  cutting  each  other  in  I.  Then  I  will  be  the 
projection  and  the  trace  on  the  plane  of  motion  of  the  required 
instantaneous  axis  :  that  is  to  say,  of  a  line  such  that  the  motion 
of  the  piece  at  the  instant  in  question  is  one  of  rotation  about  that 
axis. 

An  instantaneous  axis  is  so  called  because  it  is  an  imaginary 
line  which  is  continually  changing  its  position,  both  relatively  to 
the  frame  of  the  machine  and  relatively  to  the  secondary  piece 
to  which  it  belongs;  so  that  it  occupies  any  particular  position, 
whether  relatively  to  the  frame  or  relatively  to  the  secondary 
piece,  at  a  particular  instant  only. 

The  comparative  motions  at  the  given  instant  of  points  in  the 
secondary  piece  are  deduced  from  the  principle  that  the  velocities 
of  those  points  are  proportional  in  magnitude  and  perpendicular  in 
direction  to  the  perpendiculars  let  fall  from  the  points  upon  the 
instantaneous  axis.  For  example,  let  A  a,  B  6,  C  c,  D(/,  E«, 
represent  the  directions  and  velocities  of  the  points  whose  projec* 
tions  are  A,  B,  C,  D,  E ;  then 

Aa  :  B6  :  Cc  :  T>  d  :  Ee 

are  respectively  proportional  and  perpendicular  to 

::AI:BI:CI:DI:EI. 

From  I  let  fall  I  D  perpendicular  to  the  projection,  A  B,  of  the 
line  of  connection  of  the  given  points.  Then  all  points  whose 
projections  are  at  D  are  at  the  giveu  instant  in  the  act  of  moving 
parallel  to  AB;  and  all  points  whose  projections  are  in  A  B,  or 
in  AB  produced,  such  as  A,  B,  aud  E,  have  for  their  component 
velocities  along  A  B  velocities  equal  to  the  velocity  of  D ;  that 
is  to  sav, 

D  d  =  A  d'  =  B  dn  =  E  <T  ; 

a  consequence  which  follows  also  from  the  principle  of  Article  53, 
page  31. 

The  components  perpendicular  to  A  B  of  the  velocities  of  points 
whose  projections  are  in  that  line,  such  as  A,  B,  and  E,  are 
proportional  to  the  distances  of  those  projections  from  D;  that  is 
to  say,  if  A/J  B  g,  and  E  h  represent  those  transverse  component 
velocities,  we  have  the  proportions, 

D  A  :  D  B  :  D  E 

::  Af.Bg  :  Eh; 

and  the  points  /,  h,  D,  g  are  in  one  straight  line. 
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Hence,  when  A  I  and  B  I  form  an  angle  with  each  other  so 
oblique  as  to  make  it  difficult  to  determine  precisely  their  ]x>int  of 
intersection,  we  may  proceed  as  follows  to  increase  the  precision  of 
that  determination: — Lay  off  any  convenient  equal  distances,  A  d' 
~  BdH,  along  AB  from  A  and  B  respectively,  to  represent  the 
longitudiual  component  of  their  velocities.  Then  complete  the 
rectangular  parallelograms  A  d'  af  Bd"bg;  draw  the  straight 
line  fg*  cutting  A  B  in  D.  Then  from  D  perpendicular  to  A  B 
draw  D  I ;  this  line  will  traverse  the  instantaneous  axis,  and  will 
increase  the  precision  with  which  it  is  determined. 

This  last  way  of  considering  the  motion  of  the  piece  is  equivalent 
to  regarding  that  motion  as  compounded  of  a  rotation  about  an  axis 
at  1)  and  a  translation  of  that  axis,  and  of  the  whole  body  along 
with  it,  with  the  velocity  represented  by  D  d. 

ILL  Given  (in  fig.  37  or  tig.  38),  the  projections  A  and  B,  at  a 
given  instant,  of  two  points  in  a  moving  piece  on  ike  plane  of  motion, 
and  ike  ratio  oftlteir  velocities,  wkidh  are  botli  perpendicular  to  tite 
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Fig.  37. 


Fig.  38. 


projection,  A  B,  oftlteir  line  of  connection,  to  find  ike  instantaneous 
axis  of  motion  oftlte  piece.  Perpendicular  to  A  B  draw  the  straight 
lines  A  a,  B  6,  bearing  to  each  other  the  given  proportion  of  the 
velocities  of  the  two  points:  draw  the  straight  line  a  b;  the  point 
of  intersection,  I,  of  A  B  and  a  b  (produced  if  necessary)  will  be 
the  projection  and  trace  on  the  plane  of  motion  of  the  required 
instantaneous  axis. 

That  axis  may  then  be  used  as  in  the  preceding  Rule  to  determine 
the  comparative  motions  of  any  set  of  points  in  the  moving  piece. 

70.  Hoiaiion  about  a  Fixed  Point — Every  possible  motion  of 
a  rigid  body  relatively  to  a  point  in  the  body  is  reducible  to 
rotation  about  an  axis,  permanent,  temjwrary,  or  instantaneous, 
as  the  case  may  be,  which  traverses  that  point  This  is  proved 
by  showing  that  the  following  problem  is  always  capable  of 
solution : — 

I.  Given,  at  any  instant,  the  directions  of  motion  of  any  two 
points,  B,  C  (fig.  39),  in  a  rigid  body  relatively  to  a  point,  A,  in  tit* 
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body,  to  find  the  instantaneous  axis  of  die  motion  oftlie  xcliole  body 
relatively  to  A.  In  the  first  place,  it  is  to  be  observed  that  when 
the  motions  of  three  points  in  a  rigid  body  are  determined,  the 
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Fig.  39. 


motion  of  the  whole  body  is  determined  ;  for  the  distances  of  any 
fourth  point  in  the  body  from  those  three  points  being  invariable, 
the  position  of  that  fourth  point  at  every  instant  is  completely 
determined  by  the  positions  of  the  three  points. 

In  order  that  the  solution  may  be  put  in  the  simplest  possible 
form,  let  the  plane  of  the  three  points  themselves,  or  a  plane 
parallel  to  it,  be  taken  for  one  plane  of  projection ;  and  in  fig.  3D 
let  A,  B,  C  be  the  projections  of  the  three  points  on  that  plane. 
For  a  second  plane  of  projection,  take  a  plane  perpendicular  to  the 
first  plane,  and  traversing  B  C,  and  let  A',  B',  and  C'  (which  are 
in  one  straight  line)  be  the  projections  of  the  three  points  on  that 
second  plane;  so  that  B'  C  is  parallel  to  B  C,  and  A  A',  B  B',  and 
O  C '  are  perpendicular  to  B  C. 

Because  the  instantaneous  axis  must  traverse  A,  it  is  obvious 
that  A  B  and  A  C  are  the  traces  on  the  first  plane  of  projection  of 
two  planes  traversing  the  instantaneous  axis  and  the  points  B  and 
C  respectively ;  and  also,  that  if  B  b  and  Cc  are  the  projections 
on  the  first  plane  of  projection  of  the  directions  of  motion  of  B 
and  C  at  the  given  instant,  those  projections  must  be  perpendicular 
to  A  B  and  A  C.  Let  B  b'  and  C  c  represent  the  projections  of 
the  directions  of  motion  of  B  and  C  on  the  second  plane  of 
projection.  Draw  B'  I'  and  C  I'  perpendicular  respectively  to 
B  b'  and  C  c',  and  meeting  each  other  in  I';  then  B'  I'  and  C  I' 
are  the  traces,  on  the  second  plane  of  projection,  of  two  planes 
perpendicular  respectively  to  the  instantaneous  directions  of  motion 
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of  B  and  C ;  that  is  to  say,  of  the  two  planes  already  mentioned, 
which  traverse  the  instantaneous  axis  and  the  points  B  and  C 
respectively ;  and  I'  is  the  trace  of  the  instantaneous  axis  on  the 
second  plane  of  projection.  From  I'  let  fall  I'  I  perpendicular  to 
BC;  then  I  is  the  projection  of  I'  on  the  first  plane  of  projection. 
Draw  the  straight  lines  A  I,  A'  I':  those  are  tlie  projections  of 
Hie  instantaneous  axis. 

II.  To  draw  the  projections  of  Hue  points  B  and  C  on  a  plane 
perpendicular  to  the  instantaneous  axis,  and  to  find  tlve  comparative 
motion  of  those  points.  In  BC.  fig.  39,  take  IF  =  I'A';  draw 
A  G  parallel  and  F  G  perpendicular  to  B  C,  cutting  each  other  in 
G;  join  IG:  this  line  will  be  the  rabatment  of  I  A.  From  B' 
and  C  let  fall  B'  H  and  C  K  perpendicular  to  I'  A'  (produced  if 
required).  In  B  C  take  I  L  =  I'  H,  and  I  M  =  I'  K ;  then  G,  L, 
and  M  will  represent  the  respective  projections  of  A,  B,  and  C 
upon  a  plane  which  traverses  the  instantaneous  axis,  and  is  per- 
pendicular to  the  second  plane  of  projection.  From  L  and  M  let 
fall  L  N  and  M  P  perpendicular  to  I  G.  Then,  in  fig.  40,  let 
the  paper  represent  a  plane  of  projection  perpendicular  to  the  in- 
stantaneous axis :  let  A  be  the  trace  and  projection  of  that  axis,  and 
A I  the  trace  of  the  plane  already  mentioned  as  being  perpendicular 
to  the  second  plane  of  projection  in  fig.  39.  Make  A I  in  fig.  40 
=  N  L  in  fig.  39,  and  A  m  in  fig.  40  =  P  M  in  fig.  39.  Draw 
I  B  in  fig.  40  perpendicular  to  A  I  in  fig.  40  and  =  H  B'  in  fig.  39 ; 
also  to  C  in  fig.  40  perpendicular  to  A  /  in  fig.  40  and  =  K  C  in 
fig.  39.  Join  A  B,  A  C.  Then  B  and  C  in  fig.  40  will  be  the 
projections  required;  and  the  velocities  of  B  and  C  relatively  to 
A  will  he  perpendicular  in  direction  and  proportional  in  magnitude 
to  A  B  and  A  C  respectively. 

Another  mode  of  finding  the  comparative  motion  of  A  and  B  is 
the  followiug : — According  to  the  principle  of  Article  54,  page  32, 
the  component  velocities  of  B  and  C  along  their  line  of  connection, 
B  C,  are  equal.  Therefore,  in  fig.  39,  lay  off"  along  B  C  and  K  C 
the  equal  distances  Bd,  Ce,  B'  a",  C  e\  to  represent  that  com- 
ponent; then  draw  d'b'db,  c*  V ce  perpendicular  to  B  C,  cutting 
B  b  in  b,  B  6'  in  &',  C  c  in  c,  and  C  c'  in  c' ;  then  B  6  and  B'  V  will 
be  the  projections  of  the  velocity  of  B  relatively  to  A;  and  C  e  and 
C  «'  will  be  the  projections  of  the  velocity  of  C  relatively  to  A 
Then,  by  the  rule  of  Article  19,  page  7,  find  the  lengths  of  the 
lines  of  which  B  b  and  B'  &',  C  c  and  C  c'  are  the  projections;  the 
ratio  of  those  lengths  to  each  other  will  be  the  velocity-ratio  of  the 
two  points. 

71.   Unrestricted    Motion    of  a    Rigid    Body.— How    complicated 

soever  the  motion  of  a  rigid  body  may  be,  it  may  always  be 
regarded  as  made  up  of  a  change  of  position  of  the  body  as  a 
whole — that  is,  a  translation  of  the  body,  and  a  change  of  position  of 
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the  body  relatively  to  some  point  in  it ;  that  is  to  say,  as  has  been 
shown  in  the  preceding  Article,  a  rotation  about  an  axis  traversing 
that  point,  which  axis  may  be  either  permanent,  temporary,  or 
instantaneous.  It  will  be  shown  further  on  that  a  rotation  and  a 
translation  parallel  to  the  plane  of  rotation,  when  compounded,  are 
equivalent  to  a  motion  of  rotation  about  an  instantaneous  axis 
perpendicular  to  that  plane.  Hence  it  follows,  that  if  a  rigid 
body  has  any  translation  combined  with  any  rotation,  the  transla- 
tion is  to  be  resolved  into  two  components,  one  parallel  and  one 
normal  to  the  plane  of  rotation ;  when  the  parallel  component  of 
the  translation,  being  combined  with  the  rotation,  will  be  equivalent 
to  a  rotation  about  a  new  instantaneous  axis  perpendicular  to  the 
plane  of  rotation;  and  the  whole  motion  of  the  body  will  be 
equivalent  to  this  new  rotation  combined  with  the  normal  com- 
ponent of  the  translation,  the  direction  of  which  component  is 
parallel  to  the  axis.  In  short,  how  complex  soever  the  motion  of 
a  rigid  body  may  be,  it  is  at  each  instant  equivalent  to  a  helical 
or  screw-like  motion  about  an  instantaneous  axis.  The  most 
comprehensive  problem  that  can  occur  respecting  the  unrestricted 
motion  of  a  rigid  body  at  a  given  instant  is  this:  given  the 
simultaneous  velocities  and  directions  of  motion  of  three  points  (say 
A,  B,  and  C),  to  find  the  motion  of  the  whole  body  at  that  instant. 
This  is  to  be  solved  by  choosing  one  of  the  points  (say  A),  and 
n-garding  it  for  the  time  as  fixed,  and  determining  the  motions  of 
B  and  C  relatively  to  A.  Then,  by  means  of  the  rules  of  Article 
70,  the  jx>sition  is  to  be  determined  of  an  instantaneous  axis 
traversing  A;  when  the  motion  of  the  whole  body  will  be  com- 
pounded of  a  rotation  about  that  axis  and  a  translation  of  the 
point  A,  carrying  the  instantaneous  axis  and  the  whole  body  along 
with  it. 

72.  ImtanlaneeiM  Axle  of  a  Rolling  Body. — The  following  pro- 
position has  many  useful  applications  in  mechanism : — Tlie  instan- 
taneous axis  of  a  rigid  body,  which  rolls  witliout 
slipping  upon  the  surface  of  another  rigid  body, 
pisses  tltrough  all  the  points  in  which  those  bodies 
touch  each  other;  for  the  particles  in  the  rolling 
body  which  at  any  given  instant  touch  the  fixed 
body  without  slipping  must  have,  at  that  instant, 
no  velocity,  and  must  therefore  be,  at  that  instant, 
in  the  instantaneous  axis. 

Moreover,  because  an  instantaneous  axis  is  a 
straight  line,  it  follows  that,  in  order  that  two  surfaces  which 
touch  each  other  at  more  than  one  point  may  roll  on  each  other 
without  slipping, their  points  of  contact  must  all  lie  in  one  straight 
line:  a  property  of  plane,  cylindrical,  and  conical  surfaces  only, 
the  terms  "  cylindrical "  and  "  conical  "  being  used  in  the  geuevaX 
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sense,  wLich  comprehends  cylinders  and  cones  with  bases  of  any 
figure,  as  well  as  those  with  circular  bases. 

In  fig.  41,  let  the  plane  of  the  paper  represent  a  plane  of 
projection  perpendicular  to  the  straight  line  in  which  the  fixed 
and  the  rolling  surfaces  touch  each  other;  let  T  be  the  projection 
and  trace  of  that  straight  line,  which  is  the  instantaneous  axis  of 
the  rolling  body.  Let  A  be  the  projection  at  a  given  instant  of  a 
point  in  the  rolling  body;  then  at  that  instant  A  is  moving  with 
a  velocity  proportional  to  AT,  and  in  a  direction  perpendicular  to 
the  plane  traversing  A  and  the  instantaneous  axis,  of  which  plane 
A  T  is  the  trace. 

It  follows  that  the  path  traced  by  a  point  such  as  A  in  a  rolling 
body  is  a  curve  wJiose  normal,  A  T,  at  any  given  point,  A,  passe* 
through  tlie  corresponding  position,  T,  of  the  instantaneous  axis. 
Curves  of  this  class  are  called  rolled  curves;  and  some  of  them  are 
useful  in  mechanism,  as  will  be  explained  farther  on. 

73.    Composition  of  Rotation  with  Translation. — From  Article  52, 

page  30,  it  appears  tbat  the  single  rotation  of  a  body  about  a 
fixed  axis  (such  as  O,  tig.  19,  page  26)  may  be  regarded  as  com- 
pounded of  a  rotation  with  equal  angular  velocity  about  a  moving 
axis  parallel  to  the  fixed  axis  (such  as  that  whose  trace  is  A,  fig. 
10),  and  a  translation  of  that  moving  axis  carrying  the  body  along 
with  it  in  a  circle  round  the  fixed  axis  of  the  radius  O  A.  A 
similar  resolution  of  motions  may  be  applied  to  rotation  about 
an  instantaneous  axis.  For  example,  the  rotation  of  the  rolling 
body  in  fig.  41  about  the  instantaneous  axis,  T,  may  be  conceived 
to  be  made  up  of  a  rotation  about  another  axis,  C,  parallel  to  the 
instantaneous  axis,  and  a  translation  of  that  axis. 

The  present  Article  relates  to  the  converse  process,  in  which 
there  are  given  a  rotation  of  a  secondary  piece  about  an  axis 
occupying  a  fixed  position  in  the  piece,  and  a  translation  of  that 
axis  relatively  to  the  frame  in  a  direction  perpendicular  to  itself — 
that  is,  parallel  to  the  plane  of  rotation ;  and  it  is  required  to  find, 
at  any  instant,  the  instantaneous  axis  so  situated  that  a  rotation 
about  it  with  the  same  angular  velocity  shall  express  the  resultant 
motion  of  the  piece. 

In  tig.  41,  let  the  plane  of  the  paper  be  the  plane  of  motion, 
and  let  C  be  the  projection  and  trace  of  the  moving  axis — moving 
relatively  to  the  frame,  but  fixed  as  to  its  position  in  the  secondary 
piece.  Let  C  U  be  the  direction  of  the  translation  of  that  axis, 
carrying  the  moving  piece  with  it ;  and  let  the  velocity  of  transla- 
tion be  so  related  to  the  angular  velocity  of  rotation  as  to  be  equal 
to  the  velocity  of  revolution  about  the  axis  C,  of  a  particle  whose 

distance  from  that  axis  is  C  T  =  ^ -. — r- .     Draw 

angular  velocity 

C  T  of  the  length  so  determined,  in  a  direction  perpendicular 
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to  C  TJ,  and  pointing  towards  the  right  or  towards  the  left  of  C  U, 
According  as  the  rotation  is  right-handed  or  left-handed.  Then  T 
will  be  t/ie  projection  and  trace  oftJie  required  instantaneous  axis; 
so  that  if  A  is  the  projection  of  any  point  in  the  moving  piece, 
the  direction  of  motion  of  that  point  is  perpendicular  to  the  plane 
whose  trace  is  A  T;  and  the  velocity-ratio  of  A  and  C  is 


AV 
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The  proof  that  T.is  the  instantaneous  axis  is,  that  any  particle 
whose  projection,  at  a  given  instant,  coincides  with  T  is  earned 
backward  relatively  to  C  by  the  rotation  with  a  speed  equal  and 
opposite  to  that  with  which  C  is  carried  forward  by  the  translation; 
.ho  that  the  resultant  velocity  of  every  particle  at  the  instant  when 
its  projection  coincides  with  T  is  nothing. 

74.  Boiling  of  a   Cylinder  on  a  Plane — Trochoid — Cycloid.      (A. 

J/.,  386.) — Every  straight  line  parallel  to  the  moving  axis  O,  in  a 
cylindrical  surface  described  about  C  with  the  radius  0  T,  becomes 
in  turn  the  instantaneous  axis.  Hence  the  motion  of  the  body  is 
the  same  with  that  produced  by  the  rolling  of  such  a  cylindrical 

surface  on  a  plane,  P  T  P,  parallel  to  C  and  to  C  U ,  at  the  distance 
CT. 

The  path  described  by  any  point  in  the  body,  such  as  A,  which 
is  not  in  the  moving  axis  C,  is  a  curve  well  known  by  the  name  of 
troclioid.  The  particular  form  of  trochoid,  called  the  cycloid,  is 
described  by  each  of  the  points  in  the  rolling  cylindrical  surface. 

75.  Rolling  of  a    Plane   on    a   Cylinder;    luvolutc — Spirals.      (A, 

M.t  387.) — Another  mode  of  representing 
the  combination  of  rotation  with  transla- 
tion in  the  same  plaue  is  as  follows : — In 
fig.  42,  let  O  be  the  projection  and  trace 
on  the  plane  of  motion  of  a  fixed  axis, 
about  which  let  the  plane  whose  trace  and 
projection  is  O  C  (containing  the  axis  0) 
rotate  (righthandedly,  in  the  figure)  with 
a  given  angular  velocity.  Let  a  secondary 
piece  have  relatively  to  the  rotating  plane, 
and  in  a  direction  perpendicular  to  it,  a 
translation  with  a  given  velocity.  In  the 
plane  O  C,  aud  at  right  angles  to  the  axis 

~      ,      ^r«       velocity  of  translation  .  ,       ,.      ..       .,    .., 

0,  take  O  T  =  —, -, — -. ,  in  such  a  direction  that  the 

'  angular  velocity 

velocity  which  the  point  T  in  the  rotating  plane  has  at  a  given 

in.ntaut,  shall  be  in  the  contrary  direction  to  the  equal  velocity  of 

translation  which  the  secondary  piece  has  relatively  to  tive  rotaXiVct^ 


•  o 


Fig.  42. 
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plane.  Then  each  point  in  the  secondary  piece  which  arrives  at 
the  position  T,  or  at  any  position  in  a  line  traversing  T  parallel  to 
the  fixed  axis  O,  is  at  rest  at  the  instant  of  its  occupying  that 
position ;  therefore  the  line  traversing  T  parallel  to  the  fixed  axis 
O  is  the  instantaneous  axis;  the  motion  at  a  given  instant  of  any 
point  in  the  secondary  piece,  such  as  A,  is  at  right  angles  to  the 
plane  whose  trace  is  A  T,  perpendicular  to  the  instantaneous  axis ; 
and  the  velocity  of  that  motion  bears  to  the  velocity  of  the  trans- 
lation the  ratio  of  T  A  to  T  O. 

All  the  lines  in  the  secondary  piece  which  successively  occupy 
the  position  of  instantaneous  axis  are  situated  in  a  plane  of  that 
body,  PTP,  perpendicular  to  OC;  and  all  the  positions  of  the 
instantaneous  axis  are  situated  in  a  cylinder  described  about  O 
with  the  radius  O  T ;  so  that  the  motion  of  the  secondary  piece  is 
such  as  is  produced  by  the  rolling  of  the  plane  whose  trace  is  P  P 
on  the  cylinder  whose  radius  is  O  T.  Each  point  in  the  secondary 
piece,  such  as  A,  describes  a  plane  spiral  about  the  fixed  axis  O. 
Fur  each  point  in  the  rolling  plane,  P  P,  that  spiral  is  the  involute  of 
the  circle  whose  radius  is  O  T,  being  identical  with  the  curve  traced 
by  a  pencil  tied  to  a  thread  while  the  thread  is  being  unwrapped 
from  the  cylinder.  For  each  point  whose  path  of  motion  traverses 
the  fixed  axis  O — that  is,  for  each  point  in  a  plane  of  the  secondary 
piece  traversing  O  and  parallel  to  P  P — the  spiral  is  Archimedean, 
having  a  radius-vector  increasing  by  a  length  equal  to  the  circum- 
ference of  the  cylinder  at  each  revolution. 

76.   Composition  of  Rotations  about  Parallel  Axes.     (A.  M.9  388.) 

— In  figs.  43,  44,  and  45,  let  0  be  the  projection  and  trace  on  the 
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plane  of  rotation  of  a  fixed  axis,  and  O  C  the  trace  of  a  plane 
traversing  that  axis,  and  rotating  about  it  with  the  angular  velocity 
a.     Let  0  be  the  projection  and  trace  of  an  axis  in  that  plane, 
rallel  to  the  fixed  axis  O ;  and  about  the  moving  axis  C  let  a 
ndary  piece  rotate  with  the  angular  velocity  b  relatively  to  tJie 
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plane  OC;  and  let  the  directions  of  the  rotations  a  and  b  be  distin- 
guished by  positive  and  negative  signs.  The  body  is  said  to  have  the 
rotations  about  the  parallel  axes  O  and  C  combined  or  compounded, 
and  it  is  required  to  find  the  result  of  that  combination  of  parallel 
rotations. 

Fig.  43  represents  the  case  in  which  a  and  b  are  similar  in 
direction :  fig.  44,  that  in  which  a  and  b  are  in  opposite  directions, 
and  6  is  the  greater ;  and  fig.  45,  that  in  which  a  and  6  are  in 
opposite  directions,  and  a  is  the  greater. 

Let  the  trace  O  C  of  the  rotating  plane  be  intersected  in  T  by  a 
straight  line  parallel  to  both  axes,  in  such  a  manner  that  the 
distances  of  T  (the  trace  of  that  line)  from  the  fixed  and  moving 
axes  respectively  shall  be  inversely  proportional  to  the  angular 
velocities  of  the  component  rotations  about  them,  as  is  expressed 
by  the  following  proportion : — 

a  :  b  :  :  CT  :  OT (1.) 

When  a  and  b  are  similar  in  direction,  let  T  fall  between  O  and  C, 
as  in  fig.  43 ;  when  they  are  contrary,  beyond,  as  in  figs.  44  and  45. 

Then  the  velocity  of  the  line  T  oftlve  plane  O  C  is  a  •  O  T;  and 
the  velocity  of  the  line  TqftJie  secondary  piece,  relatively  to  tlv$ 
plane  O  C,  is  b  •  C  T,  equal  in  amount  and  contrary  in  direction  to 
the  former;  therefore  each  line  of  the  secondary  piece  which 
arrives  at  the  position  T  is  at  rest  at  the  instant  of  its  occupying 
that  position,  and  is  then  the  instantaneous  axis.  The  resultant 
angular  velocity  is  given  by  the  equation 

c  =  a  +  br (2.) 

regard  being  had  to  the  directions  or  signs  of  a  and  b;  that  is  to 
say,  if  we  now  take  a  and  b  to  represent  arithmetical  magnitudes, 
and  affix  explicit  signs  to  denote  their  directions,  the  direction  of  c 
will  be  the  same  with  that  of  the  greater ;  the  case  of  fig.  43  will 
be  represented  by  the  equation  2,  already  given;  and  those  of  figs. 
44  and  45  respectively  by 

c  =  b  —  a;  c  =  a  —  6 (2  A.) 

The  relative  proportions  of  a,  b,  and  c,  and  of  the  distances 
between  the  fixed,  moving,  and  instantaneous  axes,  are  given  by 
the  equation 

a  :b  :c  ::CT  :OT  :OC (3.) 

The  motion  of  any  point,  such  as  A,  in  the  secondary  piece, 
according  to  the  principle  of  Article  72,  is  at  each  instant  at  right 
angles  to  the  plane  whose  trace  is  A  T,  drawn  from  the  point  A 
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perpendicular  to  the  instantaneous  axis ;  and  the  velocity  of  that 
motion  is 

v  =  cAT (4.) 

77.  Rollins  of  a  Cylinder  on  a  Cylinder — Epltrocholda — Epicycloid*. 

(A.  M.,  389.) — All  the  lines  in  the  secondary  piece  which  succes- 
sively occupy  the  position  of  instantaneous  axis  are  situated  in  a 
cylindrical  surface  described  about  C  with  the  radius  C  T ;  and  all 
the  positions  of  the  instantaneous  axis  are  contained  in  a  cylindrical 
surface  described  about  O  with  the  radius  O  T ;  therefore  the 
resultant  motion  of  the  secondary  piece  is  that  which  is  produced 
by  rolling  the  former  cylinder  on  the  latter  cylinder. 

In  tig.  43  a  convex  cylinder  rolls  on  a  convex  cylinder;  in  fig. 
44  a  smaller  convex  cylinder  rolls  in  a  larger  concave  cylinder ; 
in  tig.  45  a  larger  concave  cylinder  rolls  on  a  smaller  convex 
cylinder. 

Each  point  in  the  rolling  rigid  body  traces,  relatively  to  the 
fixed  axis,  a  curve  of  the  kind  called  epUroclwids.  The  epi trochoid 
traced  by  a  point  in  the  surface  of  the  rolling  cylinder  is  an 
epicycloid. 

In  certain  cases  the  epitrochoids  become  curves  of  a  more  simple 
class.    For  example,  each  point  in  the  moving  axis  0  traces  a  circle. 

When  a  cylinder  rolls,  as  in  fig.  44,  within  a  concave  cylinder 
of  double  its  radius,  each  point  in  the  surface  of  the  rolling  cylinder 
moves  backwards  and  forwards  in  a  straight  line,  being  a  diameter 
of  the  fixed  cylinder;  each  point  in  the  axis  of  the  rolling  cylinder 
traces  a  circle  of  the  same  radius  with  that  cylinder ;  and  each  other 
point  in  or  attached  to  the  rolling  cylinder  traces  an  ellipse  of 
greater  or  less  eccentricity,  having  its  centre  in  the  fixed  axis  O. 
This  principle  has  been  made  available  in  instruments  for  drawing 
and  turning  ellipses. 

There  is  one  case  of  the  composition  of  rotations  about  parallel 
axes  in  which  there  is  no  instantaneous  axis;  and  that  is  when  the 
two  component  rotations  are  of  equal  speed  and  in  contrary  direc- 
tions; for  then  the  resultant  is  simply  a  translation  of  the  secondary 
piece  along  with  the  moving  axis.  This  may  be  illustrated  by 
referring  to  fig.  32,  page  44,  where  the  translation  of  the  coupling- 
rod  C  D  may  be  looked  upon  as  the  resultant  of  the  combination 
of  the  rotation  of  the  crank  A  C  about  A,  with  an  equal  and 
contrary  rotation,  relatively  to  the  crank,  of  C  D  about  C. 

78.  Cnrrnlurc  of* Involute*  of  Circles*  Epicycloid*,  and  Cycloid*. — 

It  is  often  useful  to  determine  the  radius  of  curvature  of  a  rolled 
curve  at  a  given  point,  especially  where  the  fixed  curve  and  rolling 
curve  are  circles,  and  where  the  tracing  point  is  in  the  circum- 
ference of  the  rolling  curve. 

In  the  case  of  the  involute  of  a  circle,  the  radius  of  curvature  at 
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a  given  point  is  simply  the  length  of  a  normal  to  the  curve  at  that 
point  measured  to  the  point  where  that  normal  touches  the  circle; 
that  is  to  say,  it  is  the  length  of  the  straight,  part  of  the  thread 
used  in  drawing  the  involute. 

In  the  case  of  a  cycloid  (traced  by  a  point  in  the  circumference 
of  a  cylinder  which  rolls  on  a  plane)  the  radius  of  curvature  at  n 
given  point  is  twice  the  length  of  the  normal  measured  from  that 
point  to  the  corresponding  instantaneous  axis. 

In  the  case  of  an  epicycloid  the  construction  for  finding  tl»e 
radius  of  curvature  is  shown  in  fig.  46;  the  right-hand  division  of 
the  figure  giving  the  construction  for  an  external  epicycloid,  I  A, 
traced  by  a  point,  A,  in  the  surface  of  a  cylinder,  the  trace  of 


whose  axis  is  C,  rolling  outnide  a  fixed  cylinder,  the  trace  of  whoso 
axis  ia  O;  and  the  left-hand  division  giving  the  construction  for 
an  internal  epicycloid,  I  A',  traced  by  a  point,  A',  in  the  surface  of 
a  cylinder,  the  trace  of  whose  axis  is  C,  lolling  inside  the  bhuo 
fixwl  cylinder.  The  following  description  applies  to  both  divisions 
of  the  figure:  it  being  observed  that  at  the  left-hiind  aide  the 
letters  are  accented ; — 
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Let  T  be  the  trace  of  the  instantaneous  axis,  or  line  of  contact 
of  the  cylinders,  at  the  instant  when  the  tracing  point  is  at  A ;  so 
that  A  T  is  the  normal  to  the  epicycloid  at  A,  and  O  T  and  C  T 
the  radii  of  the  fixed  and  rolling  cylinders,  being  two  parts  of  one 
straight  lina  Through  O  draw  O  E  parallel  to  A  C.  Bisect  O  T 
in  D,  and  draw  the  straight  line  A  D  E,  cutting  O  E  in  E.  Through 
E  draw  E  F  parallel  to  O  T,  and  cutting  A  T  (produced  as  far  as 
required)  in  F.  Then  A  F  will  be  the  radius  of  curvature  of  the 
epicycloid  at  the  point  A. 

The  following  formula  serves  to  find  A  F  by  calculation ; 

A  _,      A  TOO*  /1X 

AF=-CTT- <L> 

It  is  sometimes  more  convenient  to  calculate  the  distance,  T  F,  of 
the  centre  of  curvature,  F,  from  the  instantaneous  axis,  T,  and  that 
is  done  by  the  following  formula : 

ATOP      AT   OT 
1Jj  =  "CD"  ~    YcW' w 

the  use  of  which,  in  designing  the  teeth  of  wheels  by  Mr.  Willis's 
method,  will  appear  farther  on. 

79.  To  Draw  Rolled  Carre*.— A  rolled  curve  may  be  drawn  by 
actually  rolling  a  disc  of  the  form  of  the  rolling  curve,  carryiug  a 
suitable  tracing  point,  upon  the  edge  of  a  disc  of  the  form  of  the 
fixed  curve.  But  it  needs  much  care  to  perform  that  operation  with 
accuracy,  except  with  the  aid  of  machinery  specially  contrived  for 
the  purpose,  such  as  is  to  be  found  in  certain  kinds  of  turning  lathes. 

For  ordinary  purposes  in  designing  machinery,  approximate 
methods  of  drawing  rolled  curves  are  used,  such  as  the  following : — 

I.  To  draw  approximately  a  rolled  curve  by  the  help  of  tangent 
circles. — In  fig.  47,  let  A  B  be  the  fixed  curve,  and  A  D  the 
rolling  curve,  touching  the  fixed  curve  at  A,  which  is  also  the 
position  of  the  tracing  point  at  starting.  The  curve  A  D  rolls 
from  A  towards  B ;  and  it  is  required  to  draw  approximately  the 
curve  traced  by  the  point  A.  By  Rule  III.  of  Article  51,  page 
29,  lay  off  on  each  of  the  two  curves  A  B  and  A  I)  a  series  of 
equal  arcs,  A  1,  12,  23,  34,  <fcc.  Measure  the  straight  chord  from 
1  to  A  on  the  curve  A  D,  and  with  11  =  1A  as  a  radius,  and  the 
point  1  on  the  curve  A  B  as  a  centre,  draw  so  much  of  a  circle  as 
lies  near  the  probable  position  of  the  rolled  curve;  measure  the 
straight  chord  from  2  to  A  on  A  D,  and  with  22  =  2  A  as  a  radius, 
and  the  point  2  on  the  curve  A  B  as  a  centre,  draw  in  like  manner 
>art  of  a  circle;  and  go  on,  in  the  same  way,  drawing  a  series  of 

(proof  of  this  is  as  follows:— Let  the  radius  of  the  rolling  cylinder, 
CT  =  r;  let  that  of  the  fixed  cylinder,  0  T  =  R,  which  is  to  be 
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circular  arcs  with  the  points  1,  2,  3,  4,  4c.,  in  the  fixed  carve  A  B, 
for  their  centres,  and  for  their  radii  the  lines  11,  22,  33,  44,  Ac, 
respectively  equal  to  the  distances  1  A,  £  A,  3  A,  4  A,  &c,  as 
measured  between  points  on  the  rolling  carve.     Then,  with  the 
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free  hand,  or  with  the  help  of  a  bent  spring,  draw  a  curve,  A  E, 
so  as  to  touch  all  those  circular  arcs ;  this  will  be  very  nearly  the 
rolled  curve  required. 

The  curve  A  £  is  called  the  "  Envelope "  of  the  series  of  area 
that  it  touches. 

II.  To  find  a  series  of  points  in  a  rolled  curve, — Draw  a  series  of 
tangent  circular  arcs  as  in  the  preceding  rule;  then  draw  the 
several  normals,  11,  22,  33,  44,  <tc,  as  radii  of  those  arcs;  the 
direction  of  each  normal  being  determined  by  the  principle,  that  at 
the  point  where  it  meets  the  fixed  curve  A  B,  it  makes  au  angle 
with  a  tangent  to  that  curve  equal  to  the  angle  which  the  corre- 

normal  of  the  epicycloid,  T  A  =  p;  and  let  the  required  radius  of  curvature, 
A  F  -  p. 

Let  the  angular  velocity  of  the  rolling  cylinder,  relatively  to  the  rotating 
plane  0  C,  be  denoted  by  bf  and  that  of  the  plane  O  C  by  a,  so  that  the 
resultant  angular  velocity  of  the  rolling  cylinder  is  a  +  b.  Then,  liecause 
the  angle  0  T  A  is  the  complement  of  one-half  of  the  angle  T  C  A,  it  is 

evident  that  the  angular  velocity  of  T  A  is  a  +  x.    But  according  to  Article 

76,  a  II  =  b  r;  therefore 

Tn  any  indefinitely  short  time,  d  t,  the  normal  sweeps  through  an  angle 
whose  value  in  circular  measure  is 

and  the  point  A  traces  an  arc  of  the  length 

d  8  =  (a  +  b)  p  d  t  a  b  (l  +  £)  p  d  t; 

therefore  the  radius  of  curvature  of  the  epicycloid  at  the  point  A  is 

_rf_,_       1  +  ft     P(R  +  r)      AT^OC 
p~ U0~P   1    .    r  -  1  ~       CD 

2  +  It       2  R  +  r 

This  formula  is  made  to  comprehend  the  case  of  a  cycloid  by  making 
R  =  oo,  when  it  becomes  p  =  2  p;  and  that  of  the  involute  of  a  circle  by 
making  r  =  oo,  when  we  have  p  =*  p.  When  the  epicycloid  is  internal,  and 
It  and  r  denote  arithmetical  values  of  those  radii,  the  sign  —  is  to  be  sub- 
stituted for  +  both  in  the  numerator  and  in  the  denominator  of  the  formula. 
The  symbolical  expression  for  equation  2  of  the  text  is 

»R 

p-^  =  R-T2-? 

with  the  same  understanding  as  to  the  sign  in  the  denominator.  In  the  case 
already  referred  to  at  the  end  of  Article  77,  when  a  cylinder  rolls  inside  & 
cylinder  of  twice  its  diameter,  we  have  R  =  —  2  r,  and  the  denominator  of 
the  expression  for  p  becomes  -  0 ;  showing  that  the  radius  of  curvature  is 
infinite;  or,  in  other  words,  that  the  epicycloid  traced  is  a  straight  line,  as 
atated  in  the  text    When  the  rolling  cylinder  is  concave,  r  is  negative. 
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spending  chord  on  the  rolling  curve  A  D,  makes  with  a  tangent  to 
that  curve  at  the  corresponding  point.  Thus  are  found  a  series  of 
points,  1,  2,  3,  4,  &c,  on  the  rolled  curve  A  E,  at  the  ends  of  the 
normals  from  the  corresponding  points  on  the  fixed  curve  A  B. 

The  two  preceding  Rules  are  applicable  to  fixed  and  rolling 
curves  of  all  figures  whatsoever.  When  both  curves  are  circles, 
the  finding  of  a  series  of  points  is  facilitated  by  drawing  the  circle 
C  C,  which  contains  the  successive  positions  of  the  centre  of  the 
rolling  circle ;  then  marking  those  successive  positions,  1',  2',  3',  4', 
Ac.,  on  the  circle  C  C,  by  drawing  radii  through  the  corresponding 
point*  1,  2,  3,  4,  <fcc.,  on  the  circle  A  B ;  then  drawing  the  rolling 
circle  in  its  several  successive  positions  (marked  with  dots  in  the 
figure),  and  laying  off  the  chords  1 1,  22,  33,  44,  <fec,  of  their  proper 
lengths  upon  those  positions  of  the  rolling  circle,  which  chords  will 
be  a  series  of  normals  to  the  rolled  curve  A  E. 

III.  To  approximate  to  tJie  figure  of  an  ejricycloidal  arc  by  means 
of  one  circular  arc.  By  the  method  of  the  preceding  Rule  draw  the 
normal  to  the  epicycloidal  arc  in  question  at  a  point  near  its  middle. 
For  example,  if  A  3  is  the  arc  of  the  epicycloid  A  E,  whose  figure 
is  to  be  approximated  to  by  means  of  one  circular  arc,  draw  the  nor- 
mal 22  by  Rule  II.  Then  conceive  that  normal  to  be  represented 
by  A  T  in  fig.  46,  page  57 ;  and  by  the  method  of  Article  78 
find  the  corresponding  radius  of  curvature  A  F  and  centre  of 
curvature  F.  A  circular  arc  described  about  F,  with  the  radius 
F  A  (fig.  40),  will  be  an  approximation  to  the  epicycloidal  arc. 

This  is  the  approximation  used  in  Mr.  Willis's  method  of 
designing  teeth  for  wheels,  to  be  described  farther  on.  It  ensures 
that  the  circular  arc  shall  have,  at  or  about  the  middle  of  its  length, 
the  same  position,  direction,  and  curvature  with  the  epicycloidal 
arc  for  which  it  is  substituted.  Towards  the  ends  of  the  arcs  they 
gradually  deviate  from  each  other. 

IV.  To  apjrroximate  to  the  figure  of  an  epicycloidal  arc  by  means 
of  two  circular  arcs.  This  method  of  approximation  is  closer  than 
the  preceding,  but  more  laborious.  It  substitutes  for  an  epicycloidal 
arc  a  curve  made  up  of  two  circular  arcs;  and  the  approximate 
curve  coincides  exactly  with  the  true  curve  at  the  two  ends  and  at 
one  intermediate  point,  and  has  also  the  same  tangents  at  its  two  ends 

Suppose  that  A  and  B  (tig.  48)  are  the  two  ends  of  the  epicy- 
cloidal arc  to  which  an  approximation  is  required,  and  that  A  C  and 
B  C  are  normals  to  the  arc  at  those  points :  the  positions  of  the 
euds  of  the  arc  and  directions  of  its  normals  having  been  determined 
by  Rule  II.  of  this  Article.  Let  C  be  the  point  of  intersection  of 
the  normals.  Draw  the  tangents  A  D  perpendicular  to  A  C,  and 
B  D  perpendicular  to  B  C,  meeting  each  other  in  D.  Draw  the 
straight  line  D  C,  and  bisect  it  in  E.  About  E,  with  the  radius 
ED  =  EC,  describe  a  circle,  which  will  pass  through  the  four 


Then 

tli    the 
--  K  H, 
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points,  A,  D,  B,  C.      Draw  the  diameter  F  E  G,  bisecting  the  arc 

A  B  in  F  and  the  arc  B  C  A  in  G. 

Draw  the  straight  line  G  D,  in  which  take  G  H  =  G  A  =  G  B. 
Through  H,  ,«ru]W 
to  F  E  G,  draw  the 
straight  line  II  K  I,. 
cutting  A  C  in  K 
and  B  C  in  L. 
about  K,  wi 
radius  KA: 
draw  the  circular  arc 
AH;  and  about  L. 
with  the  radius  L  U 
=  L  B,  draw  the 
circuiararcHB:  the 
curve  made  up  oi 
those  two  circular 
alt's  will  be  a  close 
approximation  to  the 
t'pifjoloitlal  arc,  hav- 
ing the  same  position 
and  tangents  at  its 
two  ends,  nud  being 
very  near  to  the  true 
arc  at  all  intermediate 
points. 

It  maybe  remarked 
tiiat  G  H  =  G  A  = 
GB  =  N/(HKHL) 
approximates       very 
closely  to   the   meau 
radius    of    curvature 
picyeloidal  arc 
also   that   the 
described    is 
applicable  to   the  ap- 
proximate drawing  of 
many  curves  besides 
epicycloids;  and  that 
iutes  less  from  equality 
of  circular  arcs  which 
1  B  D  in  B,  and  also  to 


A  B; 


Rg.  48. 


the  ratio  of  the  two 
than  that  of  the  radi 

touch  each  other  at  ai 


:dii,  HL  :HK,  d. 
of  any  other  pai: 
touch  A  D  in  A  and  U  i 
intermediate  point.* 
Thia  may  be  expressed  symbolically  by  stating  that 
,- ,L-*/l_     «M!:....- 


HL*  ■ 


r 
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SO,  Venntatton  of  Rotation  in  General.— The  following  proposi- 
tions show  how  the  rotation  of  .a  rigid  body  about  a  given  axis, 
fixed  or  instantaneous,  may  be  resolved  into  two  component 
rotations  about  any  two  axes  in  the  same  plane  with  the  actual 


I.  Parallel  Axes. — Tlie  rotation  of  a  rigid  body  about  a  given 
axis  is  equivalent  to  tlie  resultant  of  two  component  rotations  about 
two  axes  parallel  to  the  given  axis  and  in  tlie  same  plane,  the  angular 
velocity  of  each  of  the  three  rotations  being  proportional  to  tlie  distance 
between  the  axes  of  tlie  oilier  two  rotations. 

In  fig.  49,  let  the  plane  of  the  paper  be  perpendicular  to  the 

three  parallel  axes,  and  let  C  be  the  trace  of  the  axis  of  the 

A  /— *v     resultant  rotation,  and  A  and  B  the  traces 

p! -gj    )    of  the  axes  of  the  component  rotations ;  all 

\  f(  I         three  axes  being  in  the  same  plane,  whose 

>  trace  is  A  C  B.     Let  the  angular  velocities 
about 

A,  B,  C, 

is  r\    be  respectively  proportional  to 
"^y  BC,         CA,         AB. 

As  the   figure   is  drawn,  all    three  angular 

\    velocities  are  of  the  same  sign,  because  A  B 

£_  -.-^     =BC  +  CA      If  C  lay  beyond  A  and  B, 

Yi*m  49.  instead  of  between  them,  A  B  would  be  the 

difference  of  B  C  and  C  A,  instead  of  their 
nun ;  and  the  lesser  of  these  two  distances  and  of  the  correspond- 
ing angular  velocities  would  have  to  be  considered  as  negative. 

Let  H  be  the  projection  of  a  particle  in  the  rigid  body,  which 
particle  is  moving  in  a  direction  perpendicular  to  H  C,  with  a 
velocity  proportional  to  CH'AB.  Then,  first,  from  H  let  fall 
H  D  perpendicular  to  A  B;  then,  by  the  principles  of  Article  55, 
page  33,  the  component  velocity  of  H  in  the  direction  H  D, 
whether  due  to  rotation  about  A,  B,  or  C,  is  the  same  with  that 
of  a  particle  at  D.  Now  the  velocities  of  a  particle  at  D  due  to 
the  rotations  about 

A,  B,  C 

are  proportional  respectively  to 

+  AD-BC;   -BDCA;  +CD-AB; 

andCD-AB  =  AD-BC-BD-CA;  therefore  this  com- 
ponent of  the  velocity  of  the  particle  H  due  to  the  rotation  about 
C  is  the  resultant  of  the  corresponding  components  due  to  the 
rotations  about  A  and  B  respectively. 

Secondly.  Through  H  draw  E  G  H  F  parallel  to  A  C  B,  and 
on  it  let  fall  the  perpendiculars  A  E,  B  F,  C  G.     Then,  by  tta 
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principles  of  Article  55,  page  33,  the  component  velocities  of  H 
along  E  F  due  to  the  rotations  about  the  axes  A,  B,  and  C  are 
respectively  equal  to  the  velocities  of  E  due  to  rotation  about  A, 
of  F  due  to  rotation  about  B,  and  of  G  due  to  rotation  about  C; 
and  because  AE  =  BF  =  CG,  these  velocities  are  respectively 
proportional  to 

BC,        CA,        AB; 

But  AB  =  BC  +  CA;  therefore  the  component  along  E  F  of 
the  velocity  of  the  particle  H  due  to  the  rotation  about  C  is  the 
resultant  of  the  corresponding  component  velocities  due  to  the  rota- 
tions about  A  and  B  respectively.  Therefore  the  whole  velocity  of 
the  particle  H  due  to  rotation  about  C,  with  an  angular  velocity 
proportional  to  A  B,  is  the  resultant  of  the  velocities  of  the  same 
particle  due  respectively  to  rotations  about  A,  with  an  angular 
velocity  proportional  to  B  C,  and  about  B,  with  an  angular  velocity 
proportional  to  C  A.  And  this  being  true  for  every  particle  of  the 
rotating  body,  is  true  for  the  whole  body :  Q.  E.  D. 

II.  Intersectino  Axes. — The  rotation  of  a  rigid  body  about  a 
given  axis  is  equivalent  to  the  resultant  of  two  component  rotations 
about  two  axes  in  the  same  plane  with  tlie  first  axis,  and  cutting  it  in 
one  point;  the  angular  velocities  oftfte  component  and  resultant  rota- 
tions  being  proportional  respectively  to  Hue  sides  and  diagoncd  of  a 
2/arallelogram,  which  are  parallel  respectively  to  tfte  three  axes  of 
rotation. 

In  fig.  50  the  upper  light-hand  part  of  the  figure  represents  a 
plane  perpendicular  to  the  resultant  axis  of  rotation,  O".  F"  is 
the  projection  of  any  particle  on  that  plane;  and  the  direction  of 
motion  of  any  particle  whose  projection  is  F*  is  i>erpendicular  to 
O"  F". 

O"  Y"  and  O"  Z"  are  the  traces  of  two  planes  perpendicular 
to  the  first  plane  of  projection  and  to  each  other;  and  D '  and  E* 
are  the  projections  of  F"  on  those  planes  respectively.  According 
to  the  priuciple  of  Article  55,  page  33,  the  component  velocity 
parallel  to  O"  Y"  of  the  particle  whose  projection  is  F'  is  the  same 
with  the  velocity  of  a  particle  at  D ' ;  and  its  component  velocity 
parallel  to  O"  Z '  is  the  same  with  that  of  a  particle  at  E". 

The  upper  left-hand  part  of  the  figure  represents  the  plane 
whose  trace  on  the  first  plane  of  projection  is  0*  Z1 ;  Or  X',  on  this 
second  plane,  is  the  axis  of  rotation ;  O'  Z'  is  the  trace  of  the  first 
plane  of  projection ;  and  D'  is  the  projection  of  F",  and  is  the  same 
point  that  is  marked  D"  on  the  first  plane.  The  lower  part  of  tho 
figure  represents  the  plane  whose  trace  on  the  first  plane  of  pro- 
jection is  O"  Y",  and  on  the  second  plane,  O  X'.  On  this  third 
plane  O  X  is  the  axis  of  rotation,  and  also  the  trace  of  the  second 
plane;  O  Y  is  the  trace  of  the  first  plane;  E  is  the  projection  of 
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F,  and  is  the  same  point  that  is  marked  E'  on  the  first  plane;  O 
k  the  projection  of  D". 


i <yf~"K*H— V 


Fig.  50. 

The  positions  of  the  second  and  third  planes  are  arbitrary  so  long 
as  they  both  traverse  the  axis  of  rotation,  and  are  at  right  angles 
to  each  other. 

In  O  X  take  O  C  proportional  to  the  angular  velocity;  and 
make  it  point  so  that  to  an  observer  looking  from  O  towards  0 
the  rotation  shall  seem  right-handed. 

From  O  draw  any  two  lines,  O  A  and  O  B,  in  the  third  plane; 
from  C  draw  C  B  parallel  to  A  O,  and  C  A  parallel  to  B  O,  so  as 
to  complete  the  parallelogram  O  B  C  A.  Then  the  proposition 
states,  that  a  right-handed  rotation  about  O  A,  with  an  angular 
velocity  proportional  to  O  A,  and  a  right-handed  rotation  about 
0  B,  with  an  angular  velocity  proportional  to  O  B,  being  combined, 
are  equivalent  to  the  actual  rotation. 

To  prove  this  for  a  particle  at  E,  it  is  to  be  considered  that  the 
motions  impressed  on  E  by  the  three  rotations  separately  are  each 
ef  them  perpendicular  to  the  third  plane ;  also,  that  the  velocity 
of  E  due  to  any  one  of  the  three  rotations  is  proportional  to  the 
angular  velocity  of  that  rotation  multiplied  by  the  perpendicular 
distance  of  E  from  the  axis  of  that  rotation,  and  is  therefore  \rco- 

F 
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portions!  to  the  area  of  a  triangle  having  for  its  base  the  length 
marked  on  that  axis,  to  represent  that  angular  velocity,  and  for  its 
summit  the  point  E;  so  that  the  velocities  of  a  particle  at  £  duo 
respectively  to  the  rotations  about 

O  A,  OB,  O  C 

are  proportional  respectively  to  the  areas  of  the  triangles 

OAE,  OBE,  OCR 

Through  A  and  B  draw  A  G  and  B  H  perpendicular  to  O  C,  and 
join  E  G  and  E  H.     Then,  by  plane  geometry, 

OAE  =  OGE;andOBE  =  OHE  =  GCE; 

therefore 

OCE=OGE+GCE=OAE+OBE 

So  that  the  velocity  of  E  due  to  the  actual  rotation  about  O  C  is 
the  resultant  of  the  velocities  due  to  the  rotations  about  O  A  and 
O  B ;  the  angular  velocities  being  proportional  to  the  lengths  laid 
off  on  the  axes  respectively. 

To  prove  the  same  proposition  for  a  particle  at  D",  whose 
projection  on  the  third  plane  is  O,  it  is  to  be  considered  that  the 
]>erpendicular  distance  of  this  point  from  the  three  axes,  O  A,  O  B, 
and  0  C,  is  identical,  being  the  line  marked  O"  D"  and  O'  D'  on 
the  first  and  second  planes;  so  that  the  velocities  of  D  due  to 
the  three  rotations  are  simply  proportional  to  the  three  angular 
velocities.  To  represent,  then,  those  three  velocities  as  projected 
on  the  third  plane,  draw  O  a,  0  6,  and  O  c  perpendicular  and 
proportional  respectively  to  O  A,  OB,  and  O  C.  It  is  evident 
that  O  a,  0  6,  and  O  c  are  the  sides  and  diagonal  of  a  paral- 
lelogram similar  to  OBCA;  and  therefore  that  the  velocity 
of  D"  due  to  the  actual  rotation  about  O  C  is  the  resultant  of  the 
velocities  due  to  the  rotations  about  O  A  and  O  B,  the  angular 
velocities  being  proportional  to  the  lengths  laid  off  on  the  axe* 
respectively. 

The  proposition,  therefore,  is  proved  for  both  components  of  the 
velocity  of  a  particle  at  F" ;  and  it  holds  for  any  particle  whose 
projection  on  a  plane  perpendicular  to  the  axis  O  C  is  F" ;  that  is, 
for  every  particle  of  the  body,  and  therefore  for  the  whole  body : 
Q.E.D. 

It  appears,  then,  that  rotations,  when  represented  by  lengths 
laid  off  on  their  axes  proportional  to  their  angular  velocities,  can 
be  compounded  and  resolved,  like  linear  velocities,  by  constructing 
parallelograms. 

81.  Bntntlnas  mh*ut  Intersecting  Axes  Compennded.    (A.  M.,  392). 
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—In  fig.  51,  let  O  A  be  a  fixed  axis,  and  about  it  let  the  plane 
A  O  O  rotate  with  the  angular 
velocity  a.  Let  the  plane  of 
projection  be  that  of  those  two 
axes  at  a  given  instant  Let  O  0 
be  an  axis  in  the  rotating  plane; 
and  about  that  axis  let  a  second- 
ary piece  rotate  with  the  angular { 
velocity  b  relatively  to  the  rotat- 
ting  plane;  and  let  it  be  required 


Fig.  51. 


to  find  the  instantaneous  axis  and  the  resultant  angular  velocity 
of  the  secondary  piece.  From  the  principles  of  Article  80, 
Proposition  II. ,  page  64,  the  following  rule  is  deduced: — 

On  O  A  take  O  a  proportional  to  a ;  and  on  O  C  take  O  b 
proportional  to  b.  Let  those  lines  be  taken  in  such  directions- 
that  to  an  observer  looking  from  O  towards  their  extremities  the 
component  rotations  shall  seem  both  right-handed.  Complete  the 
parallelogram  O  b  c  a;  the  diagonal  O  c  will  be  the  instantaneous 
axis;  and  its  length  will  represent  the  resultant  angular  velocity. 
Another  mode  of  viewing  the  question  is  as  follows : — 

Because  the  point  O  in  the  secondary  piece  is  fixed,  the  instan- 
taneous axis  must  traverse  that  point  The  direction  of  that  axis 
is  determined  by  considering  that  each  point  which  arrives  at  that 
line  must  have,  in  virtue  of  the  rotation  about  O  C,  a  velocity 
relatively  to  the  rotating  plane,  equal  and  directly  opposed  to  that 
which  the  coincident  point  of  the  rotating  plane  has.  Hence  it 
follows  that  the  ratio  of  the  perpendicular  distances  of  each  point 
in  the  instantaneous  axis  from  the  fixed  and  moving  axes  respect- 
ively— that  is,  the  ratio  of  the  sines  of  the  angles  which  the 
instantaneous  axis  makes  with  the  fixed  and  moving  axes — must 
be  the  reciprocal  of  the  ratio  of  the  component  angular  velocities 
about  those  axes ;  or  if,  in  symbols,  O  T  be  the  instantaneous  axis, 


sin  A  O  T  :  sin  C  O  T  :  :  b  :  a. 


(1.) 


The  resultant  angular  velocity  about  this  instantaneous  axis  is 
found  by  considering  that  if  C  be  any  point  in  the  moving  axis, 
the  linear  velocity  of  that  point  must  be  the  same  whether  com- 
puted from  the  angular  velocity,  a,  of  the  rotating  plane  about  the 
fixed  axis  O  A,  or  from  the  resultant  angular  velocity,  c,  of  the  rigid 
body  about  the  instantaneous  axis.  That  is  to  say,  let  CD,  CE 
be  perpendiculars  from  C  upon  O  A,  O  T,  respectively;  then 


a    CD  =  c-CE; 


but  C  D  :  C  E  :  :  sin  A  O  C  :  sin  C  O  T;  and  therefore 

sin  COT:  einAOC  :  :a  :  c; 
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and,  combining  this  proportion  with  that  given  in  equation  1,  wc 
obtain  the  following  proportional  equation  : — 

sin  C  O  T  :  sin  A  O  T  :  sin  A  O  C  ] 

:  :  a         :  b         :  c    i (2) 

:  :  Ofl        :  06         :  O  c ) 

That  is  to  say,  tlie  angular  velocities  of  tlie  component  and  resultant 
rotations  are  each  proportional  to  tlie  sine  of  Hie  angle  between  tlie  axei 
of  tlie  other  two;  and  tlie  diagonal  of  Hie  parallelogram,  O  b  c  a  repre- 
sents both  Hie  direction  of  Hie  instantaneous  axis  and  tlte  angular 
velocity  about  thai  axis. 

82.  Roiling  cones.  (A.  M.,  393.) — All  the  lines  which  succes- 
sively come  into  the  position  of  instantaneous  axis  are  situated  in 
the  surface  of  a  cone  described  by  the  revolution  of  O  T  about 
O  C;  and  all  the  positions  of  the  instantaneous  axis  lie  in  the 
surface  of  a  cone  described  by  the  revolution  of  0  T  about  O  A, 
Therefore  the  motion  of  the  secondaiy  piece  is  such  as  would  be 
produced  by  the  rolling  of  the  former  of  those  cones  upon  the 
latter.  Circular  sections  of  the  two  cones  are  sketched  in  perspec- 
tive in  fig.  51. 

It  is  to  be  understood  that  either  of  the  cones  may  become  a 
flat  disc,  or  may  be  hollow,  and  touched  internally  by  the  other. 
For  example,  should  ^1 A  O  T  become  a  right  angle,  the  fixed  cone 
would  become  a  flat  disc;  and  should  ^  A  O  T  become  obtuse, 
that  cone  would  be  hollow,  and  would  be  touched  internally  by 
the  rolling  cone ;  and  similar  changes  may  be  made  in  the  rolling 
.cone. 

The  path  described  by  a  point  in  or  attached  to  the  rolling  cone 
is  a  splierical  epitrochoid;  and  if  that  point  is  in  the  surface  of  the 
rolling  cone,  that  curve  becomes  a  splierical  epicycloid.  It  will  be 
shown  in  the  next  chapter  how  to  draw  such  curves — not  exactly, 
but  with  a  degree  of  accuracy  sufficient  for  practical  purposes. 

83.  Resolution  of  Helical  motion. — The  resolution  of  helical  or 
screw-like  motion  into  rotation  about  an  axis  and  translation  along 
that  axis  has  already  been  treated  of  in  the  last  section  of  tlie 
preceding  chapter.  It  remains  to  be  shown  how  a  helical  motion 
may  be  regarded  as  compounded  of  two  rotations  about  two  axes 
which  are  in  different  planes. 

In  fig.  52,  let  the  lower  part  of  the  figure  represent  a  plane  of 
projection,  and  O  A  and  0  B  the  projections  upon  that  plane  of 
two  axes  which  are  both  parallel  to  it,  but  not  in  the  same  plane. 
Let  the  upper  part  of  the  figure  represent  a  second  plane  of  pro- 
jection perpendicular  to  the  first  plane;  and  let  JB*  G'  be  the 
projection  on  that  second  plane  of  the  common  perpendicular  of 
those  two  axes  (Article  36,  page  14).     Let  a  rigid  body  have  a 
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motion  compounded  of  two  rotations  about  the  two  axes  respect- 
ively, with  angular  velocities  represented  by  O  A  and  O  B,  these 
lines  being  drawn,  as  before,  so  that  to  an  observer  at  O  each 
rotation  shall  appear  right-handed. 


Complete  the  parallelogram  OACB,  and  draw  its  diagonal 
0  C.  Then,  if  the  axes  O  A  and  O  B  were  in  the  same  plane,  the 
rotations  about  them,  being  combined,  would  be  equivalent  simply 
to  a  rotation  represented  by  O  C,  as  in  Articles  80  and  81,  pages 
G4  to  66. 

Let  the  second  plane  of  projection  be  now  supposed  parallel  to 
0  C ;  and  let  F  A',  O'  C,  and  G'  B'  be  the  respective  projections 
of  O  A,  O  C,  and  O  B  upon  it.  Draw  AD,  BE,  andFOG 
]>erpendicular  toO  C,  and  A  F  and  B  G  parallel  to  O  C.  It  is 
obvious  that  O  D  =  F  A',  O  E  =  G'  B',  and  F  O  =  O  G. 

According  to  Article  80,  Proposition  II.,  page  64,  the  rotation 
represented  by  O  A  may  now  be  regarded  as  compounded  of  a 
rotation  represented  by  O  D,  about  an  axis  of  which  O  D  and 
F  A'  are  the  projections,  and  a  rotation  represented  by  O  F,  about 
an  axis  of  which  O  F  and  the  point  F  are  the  projections;  also, 
the  rotation  represented  by  O  B  may  be  regarded  as  compounded 
of  a  rotation  represented  by  O  E,  about  an  axis  of  which  O  E  and 
G'  B'  are  the  projections,  and  a  rotation  represented  by  O  G,  about 
an  axis  of  which  O  G  and  the  point  G'  are  the  projections. 

Then,  according  to  Article  76,  page  54,  the  rotations  about  the 
parallel  axes  F  A  and  G'  B',  being  combined,  are  equivalent  to  & 
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rotation  about  an  intermediate  axis,  O'  C,  in  the  same  plane,  with 
an  angular  velocity  represented  by 

OC  =  0'C'  =  F'A'  +  G'B'; 

and  that  axis  of  resultant  rotation  divides  the  distance  F'  G'  in 
the  following  proportion : — 

0'  a  :  F  A' :  G'  B' 
:  :  F  G  :  O'  G'  :  O'  F. 

To  find  the  point  O'  by  graphic  construction,  draw  F  BT, 
parallel  to  A  O  and  G'  H'  parallel  to  B  O,  cutting  each  other  in 
H';  then  through  H'  draw  H'  O  C  parallel  to  O  C. 

Moreover,  the  component  rotations  represented  by  O  F  and  O  G, 
about  the  axes  F  and  G',  are  of  equal  and  opposite  angular  velocities ; 
and  therefore,  according  to  Article  76,  page  54,  they  are  equivalent 
to  a  translation  in  the  direction  O  C,  with  a  velocity  represented  by 
the  product  O  F  •  F  G. 

That  translation  being  compounded  with  the  resultant  rotation 
represented  by  O  C,  gives  finally,  for  the  resultant  motion  of  the 
body,  a  helical  motion  about  the  axis  whose  projections  are  O  C  and 
O  C. 

The  pitch  of  that  helical  motion,  or  advance  per  turn,  is  found 
by  multiplying  the  rate  of  advance,  O  F,  F  G',  by  the  time  of  one 

revolution,  —^y  p- ;  and  is  therefore  equal  to  the  circumference  of 

O  F  •  P*  G' 
<i  circle  whose  radius  is  — ^r-p — •     Draw  I"  &'  perpendicular  to 

O  B,  and  G'  K'  perpendicular  to  O  A,  cutting  each  other  in  K' 
(which  will  be  in  the  straight  line  H'  C  C).  Then  it  is  evident 
that  F  K'  G'  and  C  A  O  are  similar  triangles;  and  because 
D  A  =  O  F,  we  have  the  followitg  proportion : — 

OC:OF::FG':0'K'  =  u  *    "       ; 

Therefore  the  pilch  of  tlie  resultant  helical  motion  is  equal  to  tlie 
circumference  of  a  circle  whose  radius  is  O'  K;;  and  the  rate  of 
advance  may  be  represented  by  the  product  OC'O'  K'. 

84.  Rolling  Hyperboioid*.— Conceive  the  straight  line  O  C  to 
represent  an  indefinitely  long  straight  edge,  rigidly  fastened  to  the 
arm  O'  F',  and  sweeping  along  with  that  arm  round  the  axis  O  A; 
then  conceive  the  same  straight  line  to  be  rigidly  fastened  to  the 
arm  O'  G,  and  to  sweep  along  with  this  arm  round  the  axis  O  B. 
Thus  are  generated  a  pair  of  surfaces  called  Boiling  Hyperboloids, 
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which  touch  each  other  all  along  the  straight  line  O  C.  Fig.  53 
shows  the  general  appearance  of  a  pair  of  rollers  of  that  form ;  and 
in  fig.  54  the  projections  of  their  figures 
are  given  with  greater  precision.  If  one 
of  those  bodies  is  fixed,  and  the  other  made 
to  roll  upon  it,  they  continue  to  touch  each 
other  in  a  straight  line,  which  is  the  in- 
stantaneous axis  of  the  rolling  body ;  and 
the  rotation  about  that  instantaneous  axis 
is  accompanied  by  a  sliding  motion  along  Fig.  53. 

the  same  axis,  so  as  to  give,  as  the  resultant 

compound  motion,  a  helical  motion  about  the  instantaneous  axis, 
as  described  in  the  preceding  Article.  The  following  problem 
sometimes  occurs  in  mechanism : — 

Given,  the  angle  between  Hie  directions  of  two  axes,  and  the  length 
of  their  common  perpendicular,  to  draw  the  projections  of  a  pair  of 
rolling  hyperboloids  of  which  these  shall  be  the  axes,  and  of  which 
one  sliall  roll  on  the  other,  so  as  to  have  component  angular  velocities 
bearing  to  each  other  a  given  ratio. 

Let  the  lower  part  of  &g.  54  (see  next  page)  represent  a  plane  to 
which  the  two  axes  are  parallel ;  and  let  O  a  and  O  b  be  their  pro- 
jections on  that  plane,  with  lengths  laid  off  upon  them  proportional 
to  the  intended  component  angular  velocities.  Draw  b  c  parallel  to 
0  a,  and  a  c  parallel  to  O  b,  cutting  each  other  in  c;  O  c  will  be 
the  projection  of  the  line  of  contact,  or  instantaneous  axis;  and  the 
length  O  c  will  represent  the  resultant  angular  velocity  (as  in  the 
preceding  Article). 

Through  O,  perpendicular  to  O  c,  draw  O  G'  F,  and  lay  off  upon 
it  G'  F7  equal  to  the  given  common  perpendicular;  and  let  the 
second  plane  of  projection  be  perpendicular  to  the  first  plane,  and 
parallel  to  O  c  and  G7  F.  To  find  the  projection  of  the  line  of 
contact  upon  this  second  plane,  proceed  as  in  the  preceding  Article; 
that  is,  draw  F'  H'  and  G'  H'  parallel  respectively  to  O  a  and  O  6, 
and  H'  O'  parallel  to  Oc;  H'  O'  will  be  the  required  projection. 
This  projection  may  also  be  found,  if  convenient,  by  either  of  the 
following  methods :  Draw  G'  K'  perpendicular  to  O  a,  and  F  K ' 
perpendicular  to  06,  cutting  each  other  in  K';  and  then  draw 
H'  K'  O'  parallel  to  Ac;  or  otherwise : — Draw  g  cf  perpendicular 
to  O  c,  and  divide  F  G'  in  the  following  proportion : — 

fg    :    cf    :   eg 
: :  F  G'  :  O'  F  :  O'  G'. 

Draw  UOY  perpendicular  to  0  a,  making  0  TJ  =  O  Y  =  F  O'; 
also  draw  VOZ  perpendicular  to  O  b,  making  OV  =  OZ  = 
Q  C;  then  UOY  and  V  O  Z  will  be  the  projections  on  ti&  ftrefc 
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plane  of  the  smallest  transverse  sections,  or  what  may  be  called  the 
"throats"  of  the  two  hyperboloids;  which  transverse  sections  are 
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Fig.  54. 

circles  of  the  respective  radii  F  O'  aud  G'  O'.  The  projections  of 
those  circles  on  the  second  plane  of  projection  are  the  ellipses 
U'  O'  Y'  and  V'  O'  Z',  drawn  according  to  the  principles  of  Article 
37,  page  15. 

To  find  the  projections  of  a  pair  of  circular  transverse  sections 
of  the  two  hyperboloids,  which  shall  cross  each  other  in  any 
given  point  of  the  line  of  contact,  let  T  and  T*  be  the  projections 
of  that  point.  Then  draw  T  L  perpendicular  to  a  O,  and  T  M 
perpendicular  to  60;  L  and  M  will  be  the  projections  of  the 
centres  of  those  circular  sections  on  the  first  plana  Draw  F  L' 
and  G'  M'  parallel,  and  L  L'  and  M'  M'  perpendicular  to  O  c ; 
U  and  M'  will  be  the  projections  of  those  centres  on  the  second 
plana  In  LO  take  LN  =  FO',  and  join  NT;  then  in  LT 
produced,  take  LQ  =  NT;  this  will  be  the  radius  of  the  required 
section  of  one  hyperboloid;  and  Q  will  be  a  point  in  the  hyperbola 
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IT  Q,  which  is  the  loogitiidinal  section  or  trace  of  that  surface  on  a 
plane  traversing  the  axis  F  L',  and  parallel  to  the  first  plane  of 
projection.  Also,  in  M  O  take  M  P  =  G*  O',  and  join  P  T;  then 
in M T  produced  take  MR  =  PTj  this  will  be  the  radius  of  the 
required  section  of  the  other  h yperboloid ;  and  R  will  be  a  point 
in  the  hyperbola  Z  R,  which  is  the  longitudinal  section  or  trace  of 
this  surface  on  a  plane  traversing  the  axis  G'  M'  and  parallel  to 
the  first  plane  of  projection. 

The  projection,  O  T,  of  the  line  of  contact  is  an  asymptote  to 
both  hyperbolas,  IJQ  and  ZR;  and  their  other  asymptotes  are  OW, 
making  L  O  W  =  L  O  T,  and  O  X,  making  M  O  X  =  M  O  T. 

The  projections  on  the  second  plane  of  projection  of  the  two 
circular  transverse  sections  which  cross  each  other  at  the  point 
whose  projections  are  T  and  T  are  two  ellipses,  drawn  according  to 
the  principles  of  Article  37,  page  15. 

By  the  same  process  may  be  found  the  projections  of  any 
required  number  of  transverse  sections  of  the  two  rolling  hyperbo- 
loids, and  of  any  required  number  of  points,  such  as  Q  and  R,  in 
their  longitudinal  sections. 

Additional  rules  relating  to  the  construction  of  such  figures 
will  be  given  in  the  next  chapter,  in  the  articles  which  treat  of 
their  application  to  skew-bevel  wheels. 

85.  Cylinder  Boiling  Obliquely. — The  same  kind  of  resultant 
motion  will  take  place,  if  for  the  rolling  hyperboloids  there  be 
substituted  a  pair  of  cylinders  described  about  the  axes  whose- 

projections  are  O  A  and  O  B,  > -g». 

tig.   52,   page   69,  with  the       &.Lm X- mm 

respective    radii    O'  F*    and  SjBMBBB^MjggfiHlly  ~ 

O'G';    provided    the   axis   ofC ^gnnnnBmnnjn^nnnnnnnnn^p^ 

the  rolling  cylinder  is  guided  / 

so     that    the     point    where  / 

it  is   met    by  the    common  /        . 

perpendicular     F'  G'     shall  ^"|§§l^f 

revolve    in   a  circle  of    the  \  ^gfjg 

radius  F'G'  round  the  axis  \  ^^^V 

of  the  fixed  cylinder,  and  so  ^*^_^fflnnMn^r 

that  the  inclination  of  those  pj-  55# 

two  axes  to  each  other  shall 

remain  constant.    The  general  appearance  of  such  a  pair  of  cylinders 

is  shown  in  fig.  55.     They  touch  each  other  in  a  point  only,  and 

not  along  a  straight  line,  as  the  hyperboloids  do.     The  uniform 

transverse  sections  of  such  a  pair  of  cylinders  are  identical  with 

those  at  the  throats  of  the   corresponding  pair  of  hyperboloids. 

Further  explanations   as  to   obliquely-rolling   cylinders  will  be 

given  in  the  next  chapter,  under  the  head  of  screw-gearing. 

86.  c«tcs  Rolling  obiinneij.  —  The  same  kind  of  tesultastt 
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motion  may  be  effected  also  by  substituting  for  tbe  pair  of  hyper- 
boloids of  fig.  54,  page  72,  the  pair  of  cones  which  touch  those 
hyperboloids  in  the  pair  of  circles  that  cross  each  other  in  any  given 
point,  T,  of  the  instantaneous  axis.  To  draw  the  projections  of 
~  those  tangent  cones,  let  O'  T 

in  fig.  56  (as  in  fig.  54)  be 
the  instantaneous  axis,  O'  the 
point  where  it  cuts  the  com- 
mon perpendicular,  and  T'  the 
,  intended  point  of  contact  of 
the  cones.  From  0',  perpen- 
dicular to  O'  T',  draw  O'  h  = 
-V--V  O'  H'  in  fig.  56;  join  T  h;  and 
<jf^/'  *  perpendicular  to  T'  h  draw  hp, 
cutting  the  instantaneous  axis 
in  p\  Then  a  plane  normal  to 
the  instantaneous  axis  at  p 
passes  through  the  summits  of 
both  the  required  tangent 
cones.  Therefore,  in  fig.  54, 
on  O  c  lay  offOp  =  0'p  of  fig.  56,  and  draw  qpr  perpendicular  to 
O  c,  cutting  O  a  in  q  and  O  b  in  r;  q  and  r  will  be  the  projections  oj 
Hie  summits  of  the  tangent  cones  on  tits  first  plane  of  projection.  The 
projections  on  the  same  plane  of  the  longitudinal  sections  or  traces 
of  these  cones,  upon  planes  traversing  their  axes  parallel  to  tbe  plane 
of  projection,  are  q  Q  and  r  R.  Also,  let  the  plane  of  fig.  56  be 
the  second  plane  of  projection,  and  let  Y  L'  and  G'  M',  as  in  fig. 
54,  be  the  projections  of  the  axes  of  the  hyperboloids,  and  F  0'  Gr 
that  of  the  common  perpendicular.  Draw  tf  p  V,  cutting  those 
axes  in  a*  and  r  ;  these  points  will  be  the  projections  of  the  summits 
of  the  tangent  cones  on  tfie  second  plane  of  projection.  The  projec- 
tions of  the  bases  of  these  cones  on  the  same  plane  are  the  pair  of 
•ellipses,  with  1/  and  M'  for  their  centres,  which  cross  each  other  at 
the  point  T,  as  in  fig.  54.  The  cones  touch  each  other  in  the 
point  T  only,  and  not  along  a  straight  line,  as  the  hyperboloids  do. 
Further  explanations  as  to  obliquely-rolling  cones  will  be  given 
in  the  next  chapter,  under  the  head  of  skew-bevel  wheels. 

87.    Bands  or    Flexible   Secondary  Piece* — Cord* — Belts — Chains. 

(A.  M.,  400,  401.) — The  flexible  pieces  used  in  machinery  may  be 
classed  under  three  heads : — Cords,  which  approximate  to  a  round 
form  in  section;  Belts,  which  are  flat;  and  Chains,  which  consist  of 
a  series  of  rigid  links  so  connected  together  that  the  chain  as  a 
whole  is  flexible.  Mr.  Willis  gives  them  all  the  common  name 
of  wrapping  connectors;  and  for  the  sake  of  brevity  in  stating 
principles  that  apply  to  them  all,  they  may  conveniently  be  called 
bands. 
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In  treating  of  questions  of  pure  mechanism,  the  centre  line  of  a 
land  is  treated  as  being  of  invariable  length;  for  although  no 
substance  is  absolutely  inextensible,  and  although  when  a  band 
passes  over  a  curved  surface  the  concave  side  is  shortened  and  the 
convex  side  lengthened,  still  the  variations  of  length  of  the  centre 
Hue  of  the  band  are,  or  ought  to  be,  practically  inappreciable. 

In  order  that  the  figure  and  motion  of  a  band  may  be  deter- 
mined from  geometrical  principles  alone,  independently  of  the 
magnitude  and  distribution  of  forces  acting  on  it,  its  weight  must 
be  insensible  compared  with  the  tension  on  it,  and  it  must  every- 
where be  tight;  and  when  that  is  the  case,  each  part  of  the  band 
which  is  not  straight  is  maintained  in  a  curved  figure  by  passing 
over  a  convex  surface.     When  a  band  is  guided  by  a  given  actual 
surface,  the  centre  line  of  that  band  may  be  regarded  as  guided  by 
in  imaginary  surface  parallel  to  the  actual  surface,  and  at  a 
distance  from  it  equal  to  half  the  thickness  of  the  band.     The  line 
in  which  the  centre  line  of  a  band  lies  on  such  guiding  surface  is 
the  shortest  line  which  it  is  possible  to   draw  on  that  surface 
between  each  pair  of  points  in  the  course  of  the  band.     (It  is  a 
well-known  principle  of  the  geometry  of  curved  surfaces  that  the 
osculating  plane  at  each  point  of  such  a  line  is  perpendicular  to  the 
curved  surface.) 

Hence  it  appears  that  the  motions  of  a  tight  flexible  band,  of 
invariable  length  along  its  centre  line  and  insensible  weight,  are 
regulated  by  the  following  principles : — 

I.  The  length  between  each  pair  of  points  in  the  centre  line  of  the 
band  is  constant 

II.  TluU  length  is  the  si  wriest  line  whiclt  can  be  drawn  between  its 
extremities  over  Vie  surface  by  which  tJte  centre  line  of  Hie  band 
is  guided. 

The  motions  of  a  band  are  of  two  kinds — 

I.  Travelling  of  a  band  along  a  track  of  invariable  form;  in 
which  case  the  velocities  of  all  points  of  the  centre  line  are  equal. 

II.  Alteration  of  the  figure  of  the  track  by  the  motion  of  the 
guiding  surfaces. 

Those  two  kinds  of  motion  may  be  combined. 

The  most  usual  problems  in  practice  respecting  the  motions  of 
bands  are  those  in  which  bands  are  the  means  of  transmitting 
motion  between  two  pieces  in  a  train  of  mechanism.  Such  problems 
will  be  considered  in  the  next  chapter. 

88.  Fluid  Secondary  Piece*.— A  mass  of  fluid  may  act  as  a 
secondary  piece  in  a  machine;  and  in  order  that  the  motion  of 
such  a  mass  may  be  a  subject  of  pure  mechanism,  the  volume 
occupied  by  the  mass  must  be  constant ;  and  that  not  only  for  the 
whole,  mass,  but  for  every  part  of  it,  how  small  soever.  In  other 
words,  the  fluid  mass  must  in  every  part  be  of  constant  ouifcuieaa ; 
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this  word  being  used  to  denote  the  volume  filled  by  an  unit  <f 
mass ;  for  example,  the  number  of  cubic  feet  filled  by  a  pound,  of 
the  number  of  cubic  metres  filled  by  a  kilogramme.  Every  fluid, 
whether  liquid  or  gaseous,  undergoes  variations  of  bulkuiess 
through  variations  of  pressure  and  of  temperature ;  but  in  mechan- 
ism such  variations  of  bulkiness  may  be  either  so  small  that  they 
may  be  disregarded  for  the  practical  purpose  under  consideration 
(as  in  the  case  of  most  liquids),  or,  if  the  fluid  employed  be  gaseous, 
they  may  be  prevented  by  keeping  the  pressure  and  temperature 
constant. 

Under  such  conditions  the  motions  of  the  particles  of  a  fluid 
mass  are  regulated  by  the  following  principle : — 

At  a  given  series  of  sections  of  a  stream  of  fluid  of  constant 
bulkiness,  the  mean  velocities  at  each  instant  of  the  particles  in  direc- 
tions normal  to  those  sections  respectively 9  are  inversely  proportional 
to  tJie  areas  of  the  sections* 
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CHAPTER  IV. 

OF  ELEMENTARY   COMBINATIONS   IN   MECHANISM. 

Section  I. — Definitions,  General  Principles,  and  Classification. 

89.  Elementary    Combination*    Defined.      (A.     3/.,     431.)  —  An 

"Elementary  Combination"  in  Mechanism  (a  term  introduced  by 
Mr.  Willis)  consists  of  a  pair  of  primary  moving  pieces,  so  con- 
nected that  one  transmits  motion  to  the  other.  In  other  words, 
(to  quote  the  Article  MecJtanics  (Applied),  in  the  eighth  edition 
of  the  Encyc  Brit.) — 

"An  elementary  combination  in  mechanism  consists  of  two 
pieces  whose  kinds  of  motion  are  determined  by  their  connection 
with  the  frame,  and  their  comparative  motion  by  their  connection 
with  each  other;  that  connection  being  effected  either  by  direct 
contact  of  the  pieces,  or  by  a  connecting"  (secondary)  "piece" 
(such  as  a  band,  or  a  link,  or  a  mass  of  fluid),  "which  is  not  con- 
nected with  the  frame,  and  whose  motion  depends  entirely  on  the 
motions  of  the  pieces  which  it  connects." 

"  The  piece  whose  motion  is  the  cause  is  called  the  driver;  the 
piece  whose  motion  is  the  effect,  the  follower" 

"  The  connection  of  each  of  those  two  pieces  with  the  frame  is 
in  general  such  as  to  determine  the  path  of  every  moving  point.  In 
the  investigation,  therefore,  of  the  comparative  motion  of  the 
driver  and  follower,  in  an  elementary  combination,  it  is  unneces- 
sary to  consider  relations  of  angular  direction,  which  are  already 
fixed  by  the  connection  of  each  piece  with  the  frame;  so  that  the 
inquiry  is  confined  to  the  determination  of  the  velocity-ratio,  and 
of  the  directional-relation  so  far  only  as  it  expresses  the  connection 
between  forward  and  backward  movements  of  the  driver  and 
follower.  When  a  continuous  motion  of  the  driver  produces  a 
continuous  motion  of  the  follower,  forward  or  backward,  and  a 
reciprocating  motion  a  motion  reciprocating  at  the  same  instant, 
the  directional-relation  is  said  to  be  constant.  When  a  continuous 
motion  produces  a  reciprocating  motion,  or  vice  versd;  or  when  a 
reciprocating  motion  produces  a  motion  not  reciprocating  at  the 
same  instant,  the  directional-relation  is  said  to  be  variable." 

90.  Une  of  Connection. — In  every  class  of  elementary  combina- 
tions, except  those  in  which  the  connection  is  made  by  reduplication 

of  cords,  or  by  an  intervening  fluid,  there  is  at  least  one  &\»t&\\e)c& 
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line  called  the  line  of  connection  of  the  driver  and  follower;  being 
a  line  traversing  a  pair  of  points  in  the  driver  and  follower 
respectively,  which  points  are  so  connected  that  the  component  of 
their  velocity  relatively  to  each  other,  resolved  along  the  line  of 
connection,  is  null. 

91.  Comparatlre  Motions  of  Connected  Points  and  Pieces. — From 

the  definition  of  a  line  of  connection  it  follows,  that  tlie  components 
of  tlie  velocities  of  a  pair  of  connected  points  along  their  line  of 
connection  are  equal.  And  from  this,  and  from  the  property  of  a 
rigid  body  already  stated  in  Article  54,  page  32,  it  follows,  that  the 
components,  along  a  line  of  connection,  of  all  the  points  traversed  by 
that  line,  whether  in  the  driver  or  in  the  follower,  are  equal. 

The  general  principle  which  has  just  been  stated  serves  to  solve 
every  problem  in  which — the  mode  of  connection  of  a  pair  of  pieces 
being  given — it  is  required  to  find  their  comparative  motion  at  a 
given  instant,  or  vice  versd. 

The  following  are  the  rules  for  applying  that  principle  to  the 
three  classes  of  problems  which  most  frequently  occur  with  refer- 
ence to  elementary  combinations : — 

I.  Pair  of  Points;  or  Pair  of  Sliding  Pieces. — In  fig.  57,  let  A  B 
be  a  line  of  connection;  and  let  it  be  taken  as  the  axis  of  projec- 
/  tion.     Let  A  be  a  point  in  the  driver, 

and  B  a  point  in  the  follower,  both  in 
the  line  of  connection.     Let  A  a, 
b  A  a   be  the  two  projections  of  the 
-6  direction  of  motion  of  A  at  a  given 
instant;  and  let  B  &',  B  bn  be  the  two 
projections  of  the  direction  of  motion 
£  of  B  at  the  same  instant.     Lay  off, 
along  the  line  of  connection  and  in 
the  same  direction,  the  equal  distances 
A  a  =  B  b ;  draw  a"  a  a',  b"  b  b'  perpendicular  to  the  line  of  con- 
nection; then  A  a'  and  A  a\  B  b'  and  B  6"  will  be  the  projections 

of  a  pair  of  lines  propor- 
tional  respectively  to    the 
velocities  of  A  and  B  at 
that  instant     The  lengths 
j    of  those  lines  may  be  found 
'Y  by  the  Rule  of  Article  19, 
|    page  7. 

II.    Pair     of    Turning 

Pieces. — In  fig.  58,  let  A  B 

i     be  the  line  of  connection  of 

^ J,    a  pair  of  turning  primary 

**     *    pieces.     Let  A  and  B  be 
the  points  where  that  line 


Fig.  57. 


Fig.  58. 
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n  met  by  tbe  common  perpendiculars  from  the  axes  of  rotation  of 
the  two  pieces.  (As  to  finding  such  common  perpendiculars,  see 
Article  36,  page  15.)  Let  A  A'  and  B  B'  be  the  rabatments  of 
those  two  perpendiculars,  drawn  in  opposite  directions.  Draw  the 
straight  line  A'  B'  (called  the  line  of  centres),  cutting  the  line  of 
connection  in  I. 

Then,  because  the  component  velocities  of  A  and  B  along  A  B 
are  equal,  the  angular  velocities  (or  the  component  angular 
velocities)  of  the  driver  and  follower  about  axes  perpendicular  to 
A  B  must  be  to  each  other  in  the  inverse  ratio  of  tlie  perpendiculars 
A  A'  and  BF;  or,  what  is  the  same  thing,  in  the  inverse  ratio  of 
the  segments  I  A!  and  I  B'  into  which  the  line  of  centres  is  cut  by 
the  line  of  connection. 

Hence  the  following  construction : — In  A  B  take  A  K  =  B  I 
(or  B  K  =  A  I) ;  and  through  K  draw  an  oblique  straight  line  in 
any  convenient  direction,  so  as  to  cut  A'  A  produced  in  c  and  K  B 
produced  in  d\  then  the  component  angular  velocities  of  the  pieces 
about  two  axes,  A  c  and  B  d,  perpendicular  to  the  line  of  connection, 
will  be  to  each  other  in  the  direct  ratio  of  A  c  to  B  d.  Also  lay  off, 
in  opposite  directions,  the  angles  B  A  a  and/B  b,  equal  to  the  angles 
which  the  two  axes  of  rotation  respectively  make  with  the  line  of 
connection,  and  draw  c  a  and  d  b  parallel  toAB,  cutting  A  a  and 
B  6  in  a  and  b  respectively.  Then  the  ratio  of  A  a  to  B  b  will  be 
thai  of  the  resultant  angular  velocities  of  the  two  pieces. 

Through  A'  and  B'  draw  A'  a'  and  B'  b'  pai-allel  to  A  B;  and 
through  a  and  b  draw  aea  and  bfb'  perpendicular  to  A  B.  Then 
the  proportion  borne  by  c  a  =  A  e  =  A!  a'  to  d  b  =  By  =  B'  V  is 
that  of  the  component  angular  velocities  of  the  two  pieces  about 
axes  parallel  to  the  line  of  connection  A  B.  Also  A  a  and  A'  d 
represent  the  projections  of  the  axis  of  rotation  of  the  first  piece 
upon  a  pair  of  planes  which  cut  each  other  in  A  e,  one  perpendicular 
and  the  other  parallel  to  the  common  perpendicular  whose  rabat- 
ment  is  A  A';  and  B  6  and  B'  b'  represent  the  projections  of  the 
axis  of  rotation  of  the  second  piece  upon  a  pair  of  planes  which  cut 
each  other  in  Bf  one  perpendicular  and  the  other  parallel  to  the 
common  perpendicular  whose  rabatment  is  B  B' 

III.  Turning  Piece  and  Sliding  Piece. — In  fig.  58,  let  A  L  be 
the  line  of  connection  of  a  turning  piece  and  a  sliding  piece, 
and  let  it  be  taken  for  the  axis  of  projection;  and  let  one 
of  the  planes  of  projection  be  parallel  to  the  axis  of  the  turning 
piece.  Let  A  a  and  A  a  be  the  projections  of  that  axis;  so 
that  A  A'  perpendicular  to  A  L  is  the  common  perpendicular 
of  the  axis  and  the  line  of  connection.  Take  A  a  to  represent  the 
angular  velocity  of  the  turning  piece,  and  from  a  draw  a  c  parallel 
to  L  A,  cutting  A'  A  (produced  if  necessary)  in  c.  Then  A  e  will 
represent  the  component  angular  velocity  of  the  turning  \AftCfc 
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about  an  axis,  A  c,  perpendicular  to  A  L ;  and  the  product  A  A"  A  c 
will  represent  the  component  velocity  of  any  point  in  A  L  along  t/tat 
line. 

Let  L  be  a  point  in  the  line  of  connection  and  in  the  sliding 
piece ;  and  let  L  m  and  L  m'  be  the  projections  of  the  direction  of 
motion  of  that  piece.  Lay  off  any  convenient  length,  L  I,  to 
represent  the  component  velocity  of  the  sliding  piece  along  the  line 
of  connection,  and  draw  minx  perpendicular  to  that  line;  then  L  m 
and  L  m'  will  represent  the  two  projections  of  the  velocity  of  the 
sliding  piece. 

Another  construction  is  as  follows : — Having  determined  the  angle 
which  the  direction  of  motion  of  the  sliding  piece  makes  with  the 
line  of  connection  A  L,  draw  A'  I,  making  the  angle  A  A'  I  equal 
to  that  angle;  then  the  velocity  of  the  sliding  piece  will  be  equal 
to  that  of  a  point  revolving  at  the  end  of  t/ie  arm  A'  I,  icit/i  Uie 
angular  velocity  represented  by  A  c. 

92.  Adjustment*  of  Speed.— The  velocity- ratio  of  a  driver  and  its 
follower  is  sometimes  made  capable  of  being  changed  at  will,  by 
means  of  apparatus  for  varying  the  position  of  their  line  of  con- 
nection :  as  when  a  pair  of  rotating  cones  are  embraced  by  a  belt 
which  can  be  shifted  so  as  to  connect  portions  of  their  surfaces  of 
different  diameters.  Various  such  contrivances  will  be  described 
in  a  later  chapter. 

93.  A  Train  of  mechanism  consists  of  a  series  of  moving  pieces, 
each  of  which  is  follower  to  that  which  drives  it,  and  driver  to  that 
which  folio ws  it.  In  the  case  of  a  train  of  elementary  combinations 
the  comparative  motion  of  the  last  follower  and  first  driver  is  found 
by  multiplying  together  all  the  velocity-ratios  of  the  several  element- 
ary combinations  of  which  the  train  consists,  each  ratio  having  the 
directional-relation  with  which  it  is  connected  denoted  bv  means  of 
the  positive  or  negative  algebraical  sign,  as  the  case  may  be.  The 
product  is  the  velocity-ratio  of  the  last  follower  and  first  driver; 
and  their  directional-relation  is  indicated  by  the  algebraical  sign  of 
that  product,  found  by  the  rules,  that  any  number  of  positive 
factors,  and  any  even  number  of  negative  factors,  give  a  positive 
product;  and  that  any  odd  number  of  negative  factors  give  a 
negative  product 

94.    Elementary  Combinations  Classed. — The  Only  classification  of 

elementary  combinations  that  is  founded,  as  it  ought  to  be,  on 
comparative  motion,  as  expressed  by  velocity-ratio  and  directional- 
relation,  is  that  first  given  by  Mr.  Willis  in  his  Treatise  on  Pure 
Mecfianism.     Its  general  plan  is  as  follows : — 

Class  A:  Directional- relation  constant;  velocity-ratio  constant. 

Class  B:  Directional-relation  constant ;  velocity-ratio  varying. 

Class  C:  Directional -relation  changing  periodically;  velocity- 
ratio  constant  or  varying. 
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Each  of  those  classes  is  subdivided  by  Mr.   Willis  into  five 
divisions,  of  which  the  characters  are  as  follows : — 

Division  I. — Connection  by  rolling  contact  of  surfaces,  as  in 

toothless  wheels. 

—  II. — Connection  by  sliding  contact  of  surfaces,  as  in 

toothed  wheels,  cams,  <fec. 

—  III. — Connection  by  wrapping  connectors    or  bands, 

as  in  pulleys  connected  by  belts,  cords,  or 
chains. 

—  IV. — Connection  by  link-work,  as  in  levers  and  cranks 

connected  by  means  of  rods,  &c. 

—  "V. — Connection  by  reduplication  of  cords,  as  in  blocks 

aud  tackle  used  on  board  ship; 

and  to  those  five  divisions  may  be  added — 

Division  VI. — Connection  by  an  intervening  fluid,  as  in  the 

hydraulic  press. 

In  the  present  treatise  the  principle  of  the  classification  of  Mr. 
Willis  is  followed ;  but  the  arrangement  (as  in  a  Manual  of  Applied 
Mechanics,  already  referred  to)  is  modified  by  taking  the  mode  of 
connection  as  the  basis  of  the  primary  classification. 

With  reference  to  classes  B  and  C,  in  which  the  velocity-ratio  is 
or  may  be  varying,  it  is  to  be  observed  that  two  kinds  of  problems 
arise  respecting  velocity-ratio:  the  determination  of  the  instan- 
taneous velocity-ratio  at  the  instant  when  the  pieces  are  in  one 
given  position;  and  the  determination  of  the  mean  velocity-ratio 
during  the  interval  between  two  such  instants :  the  latter  quantity 
is  the  ratio  of  the  entire  motions  of  the  pieces  during  the  interval. 


Section  II. — 0/  Rolling  Contact  and  Pitch  Surfaces. 

95.  Pitch  Surfaces  are  those  surfaces  of  a  pair  of  moving  pieces 
which  touch  each  other  when  motion  is  communicated  by  roiling 
contact  The  line  of  contact  is  that  line  which  at  each  instant 
traverses  all  the  pairs  of  points  of  the  pair  of  pitch  surfaces  which 
are  in  contact. 

The  motion,  relatively  to  the  line  of  contact  of  their  surfaces,  of 
a  pair  of  primary  pieces  which  move  in  rolling  contact,  is  the  same 
with  that  of  a  secondary  piece  and  a  fixed  piece,  of  which  the  former 
rolls  upon  the  latter,  as  already  described  in  Article  72,  page  51 ; 
Articles  74  and  75,  pages  53,  54;  Article  77,  page  56;  Article 
82,  page  68,  and  Articles  84,  85,  86,  pages  70  to  74;  and  therefore 
the  proper  figures  for  the  pitch  surfaces  of  such  primary  pieces  are 
the  same;  that  is  to  say,  cylinders,  cones,  and  hyperboloids. 

96.  Tecchies*  Wheel*  BoJJer*   Ta+thlcM  Backs.— Of   a   ^aVt    ol 

a 
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primary  moving  pieces  in  rolling  contact,  both  may  rotate,  or 
one  may  rotate  and  the  other  have  a  motion  of  straight  sliding.     A 
rotating  piece,  in  rolling  contact,  is  called  a  tootldess  wheel,  and  ' 
sometimes  a  roller;  a  sliding  piece  may  be  called  a  tootldess  rack. 

97.  ideal  Pitch  Surfaces. — The  designing  of  pitch  surfaces  is 
used  not  only  with  a  view  to  the  making  of  toothless  wheels  and 
toothless  racks  (which  are  seldom  employed),  but  much  oftener  as 
a  step  towards  determining  the  proper  figures  for  wheels  and  racks 
provided  with  teeth. 

The  pitch  surface  of  a  toothed  wheel  or  of  a  toothed  rack  is  an 
ideal  smooth  surface,  intermediate  between  the  crests  of  the  teeth 
and  the  bottoms  of  the  spaces  between  them,  which,  by  rolling 
contact  with  the  pitch  surface  of  another  wheel,  would  com- 
municate the  same  velocity -ratio  that  the  teeth  communicate  by 
their  sliding  contact  In  designing  toothed  wheels  and  racks  the 
forms  of  the  ideal  pitch  surfaces  are  first  determined,  and  from 
them  are  deduced  the  forms  of  the  teeth. 

Wheels  with  cylindrical  pitch  surfaces  are  called  spur  wlieels; 
those  with  conical  pitch  surfaces,  bevel  wheels;  and  those  with 
hyperboloidal  pitch  surfaces,  skew-bevel  wheels. 

98.  The  Pitch  Line  of  a  wheel,  or,  in  circular  wheels,  the  pitch 
circle,  is  the  trace  of  the  pitch  surface  upon  a  surface  perpen- 
dicular to  it  and  to  the  axis;  that  is,  in  spur  wheels,  upon  a  plane 
perpendicular  to  the  axis;  in  bevel  wheels,  upon  a  sphere  described 
about  the  apex  of  the  conical  pitch  surface;  and  in  skew-bevel 
wheels,  upon  an  oblate  spheroid  generated  by  the  rotation  of  an 
ellipse  whose  foci  are  the  same  with  those  of  the  hyperbola  that 
generates  the  pitch  surface.  The  pitch  line  might  be  otherwise 
defined,  in  most  cases  which  occur  in  practice,  simply  as  the  trace 
of  the  pitch  surface  upon  a  plane  perpendicular  to  the  axis  of 
rotation. 

The  pitch  point  of  a  pair  of  wheels  is  the  point  of  contact  of 
their  pitch  lines ;  that  is,  the  trace  of  the  line  of  contact  upon  the 
surface  or  surfaces  on  which  the  pitch  lines  are  traced. 

The  pUcli  line  of  a  rack  is  the  trace  of  its  pitch  surface  on  a  plane 
parallel  to  its  direction  of  motion,  and  containing  its  line  of  con- 
nection with  the  wheel  with  which  it  works. 

A  sector  is  a  name  given  to  a  wheel  whose  pitch-line  forms  only 
part  of  a  circumference :  sectors  are  used  where  the  motion  required 
is  reciprocating  or  "rocking,"  and  does  not  extend  to  a  complete 
revolution.  Everything  stated  respecting  the  figures  of  complete 
wheels  applies  also  to  the  figures  of  sectors. 

99.  General  CandlUan*  af  Perfect  Boiling  Caatact.  (A.  Af.9  439.) 

— The  whole  of  the  principles  which  regulate  the  motions  of  a  pair 

of  primary  pieces  in  perfect  rolling  contact  follow  from  the  single 

principle,  that  each  pair  of  points  in  the  pitch  surfaces  which  are  in 
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contact  at  a  given  instant  must  at  that  instant  be  moving  in  the  same 
directum  with  the  same  velocity. 

The  direction  of  motion  of  a  point  in  a  rotating  body  being  per- 
pendicular to  a  plane  passing  through  its  axis,  the  condition,  that 
each  pair  of  points  in  contact  with  each  other  must  move  in  the 
ame  direction,  leads  to  the  following  consequences : — 

I.  That  when  both  pieces  rotate,  their  axes,  and  all  their  points 
of  contact,  lie  in  the  same  plane. 

II.  That  when  one  piece  rotates  and  the  other  slides,  the  axis  of 
the  rotating  piece,  and  all  the  points  of  contact,  lie  in  a  plane  per- 
pendicular to  the  direction  of  motion  of  the  sliding  piece. 

The  condition,  that  the  velocities  of  each  pair  of  points  of  con- 
tact must  be  equal,  leads  to  the  following  consequences : — 

III.  That  the  angular  velocities  of  a  pair  of  wheels,  in  rolling 
contact,  must  be  inversely  as  the  perpendicular  distances  of  any 
pair  of  points  of  contact  from  the  respective  axes. 

IV.  That  the  linear  velocity  of  a  rack  in  rolling  contact  with  a 
wheel  is  equal  to  the  product  of  the  angular  velocity  of  the  wheel 
by  the  perpendicular  distance  from  its  axis  to  a  pair  of  points  of 
contact. 

Respecting  the  line  of  contact,  the  above  principles  III.  and  IV. 
lead  to  the  following  conclusions : — 

V.  That  for  a  pair  of  wheels  with  parallel  axes,  and  for  a  wheel 
and  rack,  the  line  of  contact  is  straight,  and  parallel  to  the  axes  or 
axis;  and  hence  that  the  pitch  surfaces  are  either  cylindrical  or 
plane  (the  term  "cylindrical"  including  all  surfaces  generated  by 
the  motion  of  a  straight  line  parallel  to  itself). 

VL  That  for  a  pair  of  wheels  with  intersecting  axes  the  line  of 
contact  is  also  straight,  and  traverses  the  point  of  intersection  of 
the  axes;  and  hence  that  the  rolling  surfaces  are  conical,  with  a 
common  apex  (the  term  "  conical"  including  all  surfaces  generated 
by  the  motion  of  a  straight  line  which  traverses  a  fixed  point). 

There  is  a  sort  of  imperfect  rolling  contact  which  takes  place 
between  hyperboloidal  pitch  surfaces;  that  is  to  say,  there  is  a 
sliding  motion,  but  along  the  line  of  contact  of  the  surfaces  only; 
so  that  the  component  motions  of  points  in  directions  perpen- 
dicular to  the  line  of  contact  are  the  same  as  in  perfect  rolling 
contact.  This  kind  of  motion  will  be  considered  in  treating 
specially  of  skew-bevel  wheels. 

1(10.  Wheels  with  Parallel  Axes. — Given,  the  positions  of  the 
parallel  axes  of  a  pair  of  wheels,  and  their  velocity-ratio  at  a  given 
instant,  to  find  the  pitch-point.  Fig.  59  represents  the  case  in 
which  the  directions  of  the  rotations  are  contrary;  fig.  60  that  in 
which  they  are  the  same.  Let  the  plane  of  projection  be  perpendicu- 
lar to  the  two  axes,  and  let  A  and  B  be  their  traces;  so  that  A  B 
U  the  line  of  centres.     Perpendicular  to  A  B  draw  A  a  and.  R  b 
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proportional  to  the  intended  angular  velocities.     Draw  the  straight 
line  a  b,  cutting  A  B  (produced  if  necessary)  in  K.     Lay  off  B I  = 


Fig.  59. 


Fig.  CO. 


A  K  (or  A  I  =  B  K)j  I  will  be  the  required  pitch-point  or  trace 
of  the  line  of  contact 

The  line  of  connection  may  be  any  straight  line  which  traverses 
I,  or  whose  projection  traverses  I;  as  C  D.  Let  A  C  and  B  D  bo 
perpendicular  to  the  line  of  connection ;  then  the  velocities  of  the 
points  C  and  D  are  identical;  and  the  }>erpendiculars  A  C  and  B  D 
are  inversely  as  the  augular  velocities  of  the  pieces. 

101.  Wheel  and  Back.— Given,  at  a  given  instant,  the  angular 
velocity  of  a  wheel  and  the  linear  velocity  of  a  rack,  to  find  their 
pitch-point.     In  £g.  61,  let  the  plane  of  projection   be  peq>en- 

dicular  to  the  axis  of  the  wheel,  and  let  A  be 
the  trace  of  that  axis.  Draw  A  I  perpen- 
dicular to  the  direction  of  motion  of  the  rack, 
and  make  its  length  such  that  a  point  in  the 
wheel  at  I  shall  revolve  with  a  velocity  equal 
to  that  of  the  rack;  that  is  to  say,  make 
A  I  =    linear  velocity  of  rack  I  ^ 

angular  velocity  of  wheel 
be  Hue  required  pUcJirpoint. 

The  line  of  connection  may  be  any  straight 
Ime  which  traverses  I,  or  whose  projection  traverses  I;  as  C  U. 
Let  fall  the  perpendicular  A  C;  then  the  velocity  of  the  point  C  in 
the  wheel  is  equal  to  the  component  velocity  of  the  rack  along 
C  U.  Draw  I  V  perpendicular  to  A  I,  to  represent  the  whole 
velocity  of  the  rack,  and  from  V  draw  V  XJ  perpendicular  to  C  TJ ; 
it  is  evident  that  I  U  is  the  component  velocity  along  the  line  of 
connection;  and  that  AI:AC::IV:IU. 

102.  Circular  wheels  la  (General.— In  order  that,  in  an  elemen- 
tary combination  of  wheels,  or  of  a  wheel  and  rack,  the  velocity- 
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ratio  may  be  constant  (so  that  the  combination  shall  belong  to  Mr. 
Willis's  class  A),  it  is  obviously  necessary  that  the  pitch-point 
daring  the  entire  revolution  of  each  wheel  should  occupy  an 
invariable  position  in  the  line  of  centres;  in  other  words,  the  pitch- 
Hoe  of  each  wheel  must  be  a  circle,  and  that  of  a  rack  a  straight 
line.  The  corresponding  forms  of  pitch-surface  are : — for  a  spur- 
wheel,  a  circular  cylinder;  for  a  bevel- wheel,  a  cone  with  a  circular 
base,  and  sometimes  a  plane  circular  disc;  for  a  rack,  a  plane;  for 
a  skew-bevel  wheel,  a  hyperboloid  of  revolution.  Circular  wheels 
are  by  far  the  most  common,  the  cases  in  which  non-circular 
▼heels  are  used  being  comparatively  rare. 

103.  circular  Spar-Wheels.— Given,  a  pair  of  parallel  axes  and 
the  constant  velocity-ratio  of  a  pair  of  wheels  which  are  to  turn 
about  them,  to  draw  the  pitch-circles  of  those  wheels.  Fig.  62 
represents  the  case  in  which  the  directions  of  rotation  are  contrary; 
fig.  G3  that  in  which  they  are  the  same.  Let  A  and  B,  as  before, 
be  the  traces  of  the  axes  on  a  plane  perpendicular  to  them.     Find 
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Fig.  63. 


the  pitch-point,  I,  as  in  Article  100,  page  83.  Then,  about  A  and' 
B,  with  the  radii  A I  and  B I  respectively,  draw  two  circles;  these* 
will  be  the  pitch-circles  required. 

In  fig.  62,  where  the  rotations  are  contrary,  and  the  pitch-point 
between  the  axes,  the  pitch-surfaces  are  both  convex,  and  are  said 
to  be  in  " outside  gearing"  In  fig.  63,  where  the  rotations  are  in 
the  same  direction,  and  the  pitch -point  beyond  the  axis  of  most 
rapid  rotation,  the  smaller  pitch-surface  is  convex  and  the  larger 
concave;  and  these  are  said  to  be  in  "inside  gearing" 

104.   Circular   Wheel  and  Straight   Back.— Given,   the   axis  of  a 

wheel,  the  direction  of  motion  of  a  rack  perpendicular  to  that 
axis,  and  the  distance  from  the  axis  of  a  point  in  the  wheel 
whose  velocity  is  to  be  equal  to  that  of  the  rack,  to  draw  the 
pitch-lines  of  the  wheel  and  rack.     In  fig.  64,  let  A  be  the  trace 
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of  the  axis  on  a  plane  perpendicular  to  it     Draw  A  I  perpen- 
dicular to  the  direction  in  which  the  rack  is  to  move,  and  of  a 

length  equal  to  the  given  distance;  then, 
about  A,  with  the  radius  A  I,  draw  a  circle, 
and  through  I  draw  a  straight  line,  M  N, 
touching  that  circle;  these  will  be  the  re- 
quired pitch-lines. 

105.  circular  Bevel  WkceU. — Given,  a  pair 
of  axes  which  intersect  each  other  in  a  point, 
and  the  constant  velocity-ratio  of  two  wheels 
which  are  to  turn  about  those  axes,  to  draw  projections  of  the 
pitch-surfaces  of  those  wheels.  Let  the  plane  of  fig.  65  represent 
the  plane  of  the  two  axes;  let  0  A  and  O  B  be  their  positions,  and 

O  their  point  of  intersection.  Lay 
off,  on  any  convenient  scale,  along 
wj  those  axes,  the  distances  O  a  and 
O  b  respectively  proportional  to  the 
intended  angular  velocities  (which, 
in  the  example  shown,  are  contrary). 
Draw  a  c  parallel  to  O  6,  and  6  c 
parallel  to  O  a,  cutting  each  other 
in  c;  draw  the  diagonal  O  c  C; 
this  will  be  the  line  of  contact;  and 
the  required  pitch-surfaces  will  be 
parts  of  two  cones  described  by 
making  0  C  sweep  round  0  A  and 
O  B  respectively,  and  having  their 
common  summit  at  0.  0  0  will  be 
one  of  the  traces  of  both  these  cones ; 
and  their  other  traces  will  be  O  G, 
making  the  angle  A  0  G  =  A  0  C ; 
and  O  H,  making  the  angle  BOH 
=  BOC. 

In  any  convenient  position  on  the  line  of  contact,  mark  a  con- 
venient breadth,  C  F,  for  the  rims  of  both  wheels,  so  that  0  F 
shall  be  their  actual  line  of  contact.  Draw  GAG  and  F  D  K 
perpendicular  to  O  A,  and  CBH  and  F  £  L  perpendicular  to 
O  B;  then  CGKFand  CHLF  will  be  the  projections  of  the 
two  wheels  on  the  plane  of  their  axes. 

To  draw  the  projection  of  one-half  of  each  of  those  wheels  on  a 
plane  perpendicular  to  its  axis,  about  A,  with  the  radius  A  0, 
draw  the  semicircle  0  M  G,  and  with  the  radius  AR  =  DF  draw 
the  semicircle  RNS;  these  will  be  parts  of  the  pitch-circles  of 
which  C  A  G  and  F  D  K  are  projections,  and  will  form  the  re- 
quired projection  of  one-half  of  the  rim  of  the  wheel  whose  axis  is 
O  A;  then,  about  B,  with  the  radius  B  C,  draw  the  semicircle 
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CPH,  and  with  the  radius  BT  =  EF  draw  the  semicircle 
T  Q  U;  these  will  be  parts  of  the  pitch-circles  of  which  CBH 
and  F  E  L  are  projections,  and  will  form  the  required  projection 
of  one-half  of  the  rim  of  the  wheel 
vhose  axis  is  O  R 

The  proper  widths  for  the  rims 
of  wheels  will  be  considered 
farther  on. 

The  perspective  sketch,  fig.  66, 
illustrates  the  case  in  which  one 
of  the  pitch-surfaces  becomes  a 
flat  disc  or  ring. 

106.  circaiar  ftkew-Bcrei  Wheel*  are  used  when  a  constant 
velocity-ratio  is  to  be  communicated  between  two  pieces  which 
tarn  about  axes  that  are  neither  parallel  nor  intersecting.  Their 
pitch-surfaces  are  rolling  hyperboloids ;  and  the  figures  and  principal 
dimensions  of  such  hyperboloids  are  determined  by  the  method 
already  described  in  Article  84,  page  70,  and  shown  in  fig.  54, 
page  72;  it  being  understood  that,  in  that  figure,  O  a  and  O  b 
represent  the  intended  angular  velocities  in  contrary  directions  of 
the  two  wheels. 

For  the  actual  wheels,  narrow  zones  or  frusta  only  of  the  hyper- 
boloids are  used,  as  shown  in  fig.  67.  Where  approximate  accuracy 
of  form  is  sufficient,  frusta  of  a  pair  of 
tangent  cones  (or  of  tangent  cylinders,  if 
the  pitch-circles  are  the  throats  of  the  hyper- 
boloids) may  be  used;  the  figures  of  such 
cones  and  cylinders  being  determined  as 
described  in  Articles  85  aud  86,  and  shown 
in  figs.  55  and  56,  pages  73,  74. 

In    all    skew-bevel   wheels   the    rolling 
motion  is  combined  with  a  relative  sliding 

motion  along  the  line  of  contact,  at  a  rate  equal  to   the  rate  of 
advance  described  in  Article  83,  page  70. 

The  present  Article  contains  some  additional  rules,  which  may 
have  to  be  used  in  the  designing  and  execution  of  skew-bevel  wheels. 
In  Hg.  68,  let  the  vertical  line  through  O  represent  the  axis  of  a 
skew-bevel  wheel,  O  A  =  O  a  the  radius  of  its  throat,  and  O  C' 
a  generating  line,  or  line  of  contact,  in  that  position  in  which  it  is 
parallel  to  the  plane  of  projection,  which  plane  is  supposed  to  pass 
through  the  axis. 

Draw  the  semicircle  A  B  a;  this  will  be  the  projection  of  half 
the  throat  of  the  hyperboloid  on  a  second  plane  of  projection, 
perpendicular  to  the  axis  of  the  wheel. 

Let  C  G'  be  the  projection  and  trace  of  a  plane  perpendicular  to 
the  axis,  and  chosen  as  a  convenient  plane  for  the  pitch-circle  in 
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the  middle  of  the  breadth  of  the  rim  of  the  intended  wheel,  and 

let  that  projection  cut  0  C  in  C 

I.  To  find  the  radius  of  the  middle  pitch-circle,  and  to  draw  He 
projection*.  Through 
B  draw  B  0  parallel 
to  O  A;  through  C 
draw  O  C  parallel  to 
the  axis,  cutting  B  C 
in  C.  Join  0  C;  this 
will  be  the  required 
radius,  and  the  circle 
D  C  G  will  be  the 
projection  of  the  jiitch- 
circlu  on  the  second 
plane;  in  G'  C  pro- 
duced take  G'  T>  = 
0  D  =  0  G=0  C; 
G'  D"  will  be  the  pro- 
jection of  the  pitch- 
circle     on     the     first 

pi™. 

D'  is  a  point  in  the 
hyperbolic  trace  of  the 
byperboloid  on  the  first 
plane ;  and  by  the  same 
process  any  number  of 
points  iu  that  trace 
may  be  found 
II.  To  draw  a  nor- 
p  mal  to  the  jriteh-mrfae* 
1  in  tJie  firtt  plane  of 
projection.  Perpendi- 
cular to  O  &  draw 
C  II,  cutting  the  axis 
of  the  wheel  in  H. 
This  line  and  0  C  will 
be  the  projections  of  a 
normal  to  the  pitch- 
surface  at  the  [io  i  nt 
whose  projections  are 
CandC.  JoinHD'; 
this  line  and  O  I) 
will  be  the  projections 
vig.  on.  of   a    normal    to    the 

pitch -surface    at    tlio 
point  whose  projections  are  D'  and  D. 
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III.  To  draw  the  traces  of  a  tangent  plane  to  the  pitch  surface  at 
1k  point  D',  D.  The  line  D'  D  is  the  trace  on  the  second  plane  of 
projection;  and  the  trace  on  the  first  plane  is  D'g  perpendicular 
toIXH. 

Another  process  for  finding  the  trace  D'  q  is  as  follows : — About 
D,  with  a  radius,  D  E,  equal  to  C  B,  draw  a  circular  arc,  cutting 
the  circle  A  Bain  E.  Through  E  draw  EE'  parallel  to  BO, 
cutting  O  A  in  E'.  The  straight  line  DE'?  will  be  the  trace 
required. 

D  E  and  D'  K  are  also  the  projections  of  a  generating  line  of 
the  hyperboloid. 

IV.  Tangent  cone, — The  summit  of  the  tangent  cone  at  the 
pitch-circle  D'  G'  is  at  the  point  q>  and  D'  q  is  the  trace  of  that 
cone  on  the  first  plane  of  projection.  When  extreme  accuracy  of 
form  is  not  required,  a  portion  of  that  cone,  having  the  pitch-circle 
J>Gf  at  the  middle  of  its  breadth,  may  be  used  instead  of  the 
exact  hyperboloidal  surface  (Article  86,  p.  73). 

V.  Normal  spiral. — The  normal    spiral  is    a  curve    on    the 
hyperboloidal  surface  which  cuts  all  the  generating  straight  lines, 
such  as  those  whose  projections  are  E'  D',  O  C',  <kc,  at  right  angles. 
Its  general  form  is  indicated  by  the  winding  dotted  curve  which 
traverses  O  and  T  in  fig.  68.     It  has  an  uniform  normal  pitch, 
O  T,  which  is  found  as  follows : — From  A  let  fall  A  S  perpen- 
dicular to  OC;   then  the  normal  pitch  of  the  normal  spiral  is 
equal  to  the  circumference  of  a  circle  whose  radius  is  O  S;  that  is 
to  say. 

It  is  not  necessary  to  draw  precisely  the  projections  of  the  normal 
spiral ;  but  for  purposes  connected  with  the  designing  of  teeth  for 
skew-bevel  wheels  it  is  useful  to  know  its  radius  of  curvature  at 
the  pitch-circle  chosen  for  the  wheel.     That  is  done  as  follows : — 

About  G,  with  the  radius  GF  =  G/=BC,  describe  a  circle,, 
cutting  the  circle  A  Ba  in  F  and/;  from  which  two  points  draw 
F  F*  and// '  parallel  to  B  O.  (Or  otherwise,  lay  off  O  F'  =  of  =  E  E. 
Fr  G'  and  F  G  will  be  the  two  projections  of  a  generating  line.) 
In  O  H  take  Og  =  E'  T>';  join  F g,f  g,  and  produce  both  these 
lines  as  far  as  may  be  necessary.  O  F  g  will  be  the  rabatment  of 
the  triangle  whose  projection  is  O  F'  G'.  In  O  H  produced,  take 
g  h  =  H  iy ;  through  /*  draw  khl  perpendicular  to  F  G'  k,  and 
cutting  f'g  I  in  I :  through  I  draw  I  m  parallel  to  O  A,  cutting  O  H 
produced  in  m;  then  g  m  will  be  the  radius  of  curvature  of  every 
normal  spiral  at  Hie  point  wJwe  it  crosses  the  pitch-circle  G'  D'. 

(The  object  of  making  this  construction  above  instead  of  belcw 
the  point  g  is  merely  to  avoid  contusion  in  the  figure.) 
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Through  g  draw  w^v  parallel  to  k  hi;  this  will  be  the  rabatmenl 
of  a  tangent  to  the  normal  spiral  at  the  point  G'. 

To  find  the  radius  of  curvature  of  a  normal  spiral  at  the  throal 
of  the  hyperboloid,  in  O  H  take  Ow=  O  A;  draw  xwy  perpen- 
dicular to  O  C,  and  y  z  parallel  to  O  A;  Oz  will  be  the  required 
radius  of  curvature. 

The  lower  part  of  the  figure  shows  the  projection  on  a  plane 
through  the  axis,  of  a  pitch-circle  equal  to  the  pitch-circle  C  iys 
and  at  the  same  distance  from  the  throat  along  the  axis  in  the 
opposite  direction.  DER  and  D'  E*  R'  are  the  two  projections 
of  one  generating  line  extending  from  one  of  those  pitch-circles  to 
the  other.  G'  F  R'  is  the  projection  of  another  such  generating 
line.  The  drawing  of  a  pair  of  equal  pitch-circles  may  sometimes 
be  useful  in  the  making  of  patterns  for  the  wheel  and  for  its  teeth. 

P,  P  and  N,  N'  are  the  projections  of  points  in  the  two  edges 
of  the  rim  of  the  wheel.  When  the  exact  hyperboloidal  pitch- 
surface  is  to  be  used,  and  not  merely  a  tangent  cone,  those  points 
are  to  be  found  by  a  process  similar  to  that  by  which  the  projec- 
tions D,  D'  are  found.  When  a  tangent  cone  is  used  as  an 
approximation,  they  are  simply  the  intersections  of  two  planes 
perpendicular  to  the  axis,  with  a  tangent  in  the  plane  of  the  axis. 

VI.  Radius  of  curvature  of  hyperbolic  trace, — In  constructing 
the  pitch-surface  of  a  skew-bevel  wheel,  it  is  sometimes  useful  to 
determine  the  radius  of  curvature  of  the  hyperbolic  trace  of  that 
surface  on  a  plane  traversing  the  axis,  at  the  point  where  that  trace 
cuts  the  pitch-circle,  in  order  that  a  circular  arc  of  that  radius 
may,  if  required,  be  used  as  an  approximation  to  a  small  arc  of 
the  hyperbolic  curve. 

Iu  fig.  68  a.  let  O  X  be  the  axis  of  the  hyperboloid,  O  A  the 
radius  of  its  throat,  O  D  an  asymptote  (being,  as  before,  the  pro- 
jection of  a  line  of  contact  that  is  parallel  to  the  plane  of  projection), 
and  X  Y  the  trace  of  the  plane  of  the  intended  pitch-circle.  Part 
of  the  following  process  has  already  been  described,  but  it  will  be 
described  again  here,  to  make  the  explanation  complete : — Let  D  be 
the  point  where  X  Y  cuts  the  asymptote.  Lay  off  X  E  =  O  A ; 
join  D  E;  and  make  XY  =  DE;  then  X  Y  will  be  the  radius  of 
the  pitch-circle,  and  Y  a  point  in  the  hyperbola.  Perpendicular  to 
O  D  draw  D  F,  cutting  the  axis  in  F;  join  F  Y;  this  will  be  a 
normal  to  the  hyperbola  at  the  point  Y.  Thus  far  the  process  has 
already  been  described. 

Through  A  draw  A  B  parallel  to  the  axis,  cutting  the  asymptote 
in  B.  From  B,  perpendicular  to  O  B,  draw  B  C,  cutting  O  A 
produced  in  C.  Then  C  will  be  tht  centre  of  curvature,  and  A  0 
the  radius  of  curvature  of  the  hyperbola  at  A ;  that  is,  at  the  throat 
of  the  hyperboloid. 

In  X  Y,  produced  both  ways  as  far  as  may  be  required,  take 
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Y  H  =  A  O,  Y  L  =  A  C,  and  Y  G  =  Y  F.     In  Y  P  take 
YK  =  AO:  joinHFandKG.    Through  L,  parallel  to  F H, 


Fig.  68  A. 

raw  L  M,  cutting  F  Y  produced  in  M;  through  M,  parallel  to 
-  K,  draw  M  N,  cutting  aYL  produced  in  N }  and  i\itoug)h"& 


92  GEOMETRY    OF   MACHINERY. 

parallel  to  F  H,  draw  N  P,  cutting  F  Y  M  produced  in  P ;  then 
P  will  be  t/te  centre  of  curvature,  and  Y  P  tfie  radius  of  curvature  of 
the  hyperbola  at  Y.* 

VII.  Foci  of  hyperbolic  trace, — To  find,  if  required,  the  foci  of 
the  hyperbolic  trace  of  the  pitch-surface ;  produce,  in  fig.  68  a,  the 
straight  line  O  A,  in  both  directions,  as  far  as  may  be  required, 
and  lay  off  in  itOQ  =  OQ'  =  OB.  Then  Q  and  Q'  will  be  the 
two  foci.  The  well-known  property  of  a  hyperbola,  by  means  of 
which  it  can  be  drawn  when  one  point  in  it  and  the  two  foci  are 
given,  is,  that  the  difference  of  the  distances  from  any  point  in  the 
curve  to  the  foci  is  a  constant  quantity ;  for  example,  Y'  Q'  —  Y'  Q 
=  AQ'  —  AQ  =  2AO.  Instruments  founded  on  this  principle 
aro  used  for  drawing  hyperbolas. 

107.     Hen-Circular    Wheel*    In    General.     (A.    M.,    443.) — Non- 

circular  wheels  aro  used  to  transmit  a  variable  velocity-ratio 
between  a  pair  of  parallel  axes.     In  fig.  69,  let  C.,  C2  represent  the 

axes  of  such  a  pair  of  wheels;  Tv  T2,  a  pair  of  points 
which  at  a  given  instant  touch  each  other  in  the  line  of 
contact  (which  Hue  is  parallel  to  the  axes  and  in  the 
same  plane  with  them);  and  Ulf  U2,  another  pair  of 
points  which  touch  each  other  at  another  instant  of 
the  motion ;  and  let  the  four  points,  Tv  T2,  \JV  Uo,  be 
in  one  plane  perpendicular  to  the  two  axes  and  to 
the  line  of  contact.  Then,  for  every  such  set  of  four 
points,  the  two  following  equations  must  be  ful- 
filled :— 

Fl&-  60-  arc  Tx  Ux  =  arc  T2  TJ2;  J  {L) 

and  those  equations  show  the  geometrical  relations  which  must 
exist  between  a  pair  of  rotating  surfaces  in  order  that  they  may 
move  in  rolling  contact  round  tixed  axes. 

If  one  of  the  wheels  be  fixed  and  the  other  be  rolled  upon  it,  a 
point  in  the  axis  of  the  rolling  wheel  describes  a  circle  of  the  radius. 
C2  C2  round  the  axis  of  the  tixed  wheel. 

The  equations  are  made  applicable  to  inside  gearing,  by  putting 
—  instead  of  +  and  +  instead  of  — . 

•  The  algebraical  expressions  of  these  operations  are  as  follows  :— 
Let  0  A  -  b;  A  B  =  a;  0  X  =  x;  X  Y  =  y; 
XF=m;YF  =  n;YP»p;AC=:p0;  then 


b*x 
*-  a.;ii 
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The  angular  velocity-ratio  at  a  given  instant  has  the  value 


Ci^i 


C2  Tj 


(2.) 


Non-circular  wheels,  when  without  teeth,  may  be  called  Boiling 
and  in  order  that  motion  may  be  communicated  by  means 
of  a  pair  of  rolling  cams,  and  of  a  suitably  shaped  smooth  rack  or 
sliding  bar,  it  is  necessary  that  the  forces  exerted  by  the  two  pieces 
on  each  other  should  be  such  as  to  press  their  pitch-surfaces  together. 
The  following  are  the  general  problems  to  be  solved  in  designing 
non-circular  wheels : — 

I.  Given,  the  axis  and  pitch-line  of  a  non-circular  wJieel;  to  find 
approximately  Hie  axis  of  another  non-circular  wheel  whiclh  shall  turn 
in  rolling  contact  with  tlie  first  wheel  y  and  of  which  an  arc  of  a  given 
length  on  the  pilch-line  sliall  subtend  a  given  angle. 

In  fig.  70,  let  the  plane  of  projection  be  a  plane  perpendicular  to 
the  axes  of  the  wheels.     Let  A  be  the  axis  of  the  given  wheel, 
B  C  its  pitch- line,  and 
B  its  pitch-point  at  a 
given   instant;  and  let 
A  B  be  part  of  the  Hue 
of  centres.      Also,   let 
B  D  be  a  straight  tan- 
gent to  B  C  at  B ;  and 
let  the  length  of  B  D  be 
the  length  of  the  arc  on 
the    pitch-line    of    the 
second  wheel  which  is 
to     subtend     a     given 
angle. 

In  B  D  take  B  G  =  i  B  D,  and  about  G,  with  the  radius  G  D 
=  £  B  D,  draw  a  circle,  CDF,  cutting  the  first  pitch-line  in  C. 
Then,  according  to  Rule  IV.,  Article  51,  page  29,  the  arc  B  C 
will  be  approximately  equal  in  length  to  B  D.  Draw  and  measure 
the  straight  line  A  C ;  and  in  the  line  of  centres  take  AE  =  AC. 
Then  draw  the  straight  line  E  F,  making,  with  the  line  of  centres, 
the  angle  HEF  =  the  complement  of  half  the  angle  that  the 
arc  of  a  length  equal  to  B  D  is  to  subtend,  and  cutting  the  circle 
C  D  F  in  F.  F  will  be  approximately  a  point  in  the  required  pitch- 
line  of  the  second  wheel ;  and  B  and  F  will  be  the  two  ends  of  an 
arc  approximately  equal  in  length  to  B  D  and  B  C.  To  find  the 
axis  of  that  wheel,  find,  by  plane  geometry,  in  the  line  of  centres, 
H  B  E,  the  centre,  H,  of  a  circle  which  shall  traverse  F  and  E; 
H  will  be  approximately  the  trace  of  the  required  axis. 

IL  To  find  a  point  in  the  second  pitch-line  wliose  distance  from  B, 
as  measured  on  that  pitcfirline,  sliall  be  approximately  equal  to  any 
given  straight  tangent,  B  L.     Take  BN  =  |  B  L;  and  &\wi\»^, 


a 


fi     MB 
Fig.  70. 
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with  a  radius  NL  =  f  BL,  draw  a  circular  arc,  cutting  the  first 
pitch-line  in  K.  Then  B  K  will  be  approximately  equal  in  length 
to  B  L  Join  and  measure  A  K,  and  in  the  line  of  centres 
take  A  M  =  A  K.  About  H,  with  the  radius  H  M,  draw  a 
circular  arc,  M  P,  cutting  the  arc  K  L  P  in  P ;  P  will  be  approxi- 
mately the  required  point  in  the  second  pitch-line. 

By  repeating  the  same  process,  any  number  of  points  in  the  re- 
quired pitch-line  of  the  second  wheel  may  be  found  approximately. 
The  error  of  the  two  preceding  rules,  in  what  may  be  considered 
an  extreme  case — viz.,  where  the  pitch-line  of  the  first  wheel 
coincides  with  the  straight  tangent  B  D,  and  the  angles  B  H  F 
and  B  A  C  are  each  half  a  right  angle  (as  in  designing  a  roller  to 
roll  with  a  square  roller) — is  about  0O03  of  the  length  B  D  to  be 
laid  off,  and  is  in  excess;  the  arc  B  F  being  too  long  by  that 
fraction  of  its  length ;  and  the  error,  in  fractions  of  the  arc,  varies 
nearly  as  the  fourth  power  of  the  angle  subtended  by  the  arc.  To 
ascertain  whether  the  error  is  sensible,  and  to  correct  it  by  a  second 
approximation,  proceed  as  follows : — 

III.  To  obtain  a  closer  approximation  to  the  required  axis 
and  ynlclirline.  Having  drawn  the  pitch-line  B  F  by  Rule  II., 
measure  its  length  in  subdivisions  by  Rule  I.  of  Article  51,  page 
28,  and  compare  that  length  with  B  D,  so  as  to  ascertain  the  error. 
Divide  that  error  by  B  D,  so  as  to  express  it  in  fractions  of  the 
required  length.  Multiply  the  half-sum  of  the  greatest  and  least 
radii  by  the  fraction  expressing  the  ratio  of  the  error  to  the  required 
length ;  the  product  will  be  a  correction,  which  is  to  be  applied  to 
the  lengths  of  the  line  of  centres,  A  H,  and  of  each  of  the  radii 
H  B,  H  F,  HP,  <fec.,  of  the  second  pitch-line ;  that  is  to  say,  if 
the  pitch-line,  as  at  first  drawn,  is  too  long,  each  of  those  straight 
lines  is  to  be  shortened  by  having  the  correction  subtracted 
from  it. 

For  example,  in  the  extreme  case  already  cited,  where  the  first 
pitch-line  is  a  straight  line,  B  D,  perpendicular  to  A  B,  and  sub- 
tending half  a  right  angle  at  A,  and  the  second  pitch-line  is  to 
subtend  also  half  a  right  angle  at  its  axis  H,  let  A  B  be  taken 
as  unity;  then  we  have  (to  three  places  of  decimals) 

BC  =  BD  =  AB=  1-000; 

A  C  (coinciding  with  a  straight  line  from  A  to  D)  =  1-414;  and 
the  application  of  Rule  I.  of  this  Article  gives  the  following  results 
as  first  approximations : — 

A  H  =  2-267;  H  B  =  1-267;  H  F  =  0-853. 

Upon  drawing  the  second  pitch-line,  B  F,  by  Rule  n.  of  this 
Article,  and  measuring  it  in  subdivisions,  it  is  found  to  be  too 
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fcmg  by  0*003  of  its  own  length;  which  being  multiplied  by 

HB+H  F       2*120 

5 =  — n —  =  1*060,  gives  0-003  for  the  correction  to  be 

subtracted  from  the  line  of  centres  and  from  each  of  the  radii  of  the 
second  pitch-line.     Thus  are  obtained  the  second  approximations, 

A  H  =  2-264;  HB  =  1-264;  HF  =  0-850. 

As  examples  of  non-circular  wheels,  the  following  may  be 
mentioned : — 

I.  An  ellipse  rotating  about  one  focus  rolls  completely  round  in 
outside  gearing  with  an  equal  and  similar  ellipse  also  rotating  about 
one  focus,  the  distance  between  the  axes  of  rotation  being  equal  to 
the  major  axis  of  the  ellipses,  and  the  velocity-ratio  varying  from 

l^eccentricity  to  1  +  eccentricity         ^.^ 

1  +  eccentricity       1  —  eccentricity  x  r 

II.  Lobed  wheels,  of  forms  derived  from  the  ellipse,  roll  com- 
pletely round  in  outside  gearing  with  each  other  (see  Article  109). 

IIL  A  hyperbola  rotating  about  its  farther  focus  rolls  in  inside 
gearing,  through  a  limited  arc,  with  an  equal  and  similar  hyperbola 
rotating  about  its  nearer  focus,  the  distance  between  the  axes  of 
rotation  being  equal  to  the  axis  of  the  hyperbolas,  and  the  velocity- 
ratio  varying  between 


eccentricity  +  1       . 
* _  and  unity. 

eccentricity  —  1  J 


eccentricity 

IV.  Two  logarithmic  spiral  sectors  of  equal  obliquity  rotate  in 
rolling  contact  with  each  other;  or  one  logarithmic  spiral  sector 
rotates  in  rolling  contact  with  the  oblique  plane  surface  of  a  sliding 
piece  (see  Article  110). 

108.  Elliptic  wheeis^-The  following  rules  are  applicable  to  the 
drawing  of  the  pitch-lines  of  elliptic  wheels,  and  the  determination 
of  their  comparative  motions : — 

I.  Given,  the  angle  by  which  each  wheel  is  alternately  to  overtake 
and  to  fall  behind  the  other,  and  tlie  length  of  the  line  of  centres,  to 
draw  the  ellipse  whicli  is  the  figure  of both  pUcfi-lines. 

From  a  point,  B,  draw  two  straight  lines,  BF  =  BF'=  half  the 
line  of  centres,  making  with  each  other  the  given  angle  FBF. 
Join  F  F,  bisect  it  in  O,  produce  it  both  ways,  and  make  OA  = 
O  A'  =  half  the  line  of  centres.  Draw  B  B'  perpendicular  toAA', 
making  O  B'  =  O  B.  Then  A  A'  is  the  major  axis,  B  B'  the 
minor  axis,  O  the  centre,  and  F,  F,  the  two  foci  of  the  required 
ellipse,  which  may  be  drawn  by  means  of  a  suitable  instrument  or 
machine,  or  by  the  well-known  process  of  putting  an  endless  thread> 
of  a  length  =  2  A  F  =  2  F  A',  round  two  pins  at  t\ie  fcd,  axA  * 
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pencil  equal  in  diameter  to  those  pins,  and  moving  the  pencil 
round  so  as  to  keep  the  thread  tight.  In  the  workshop  ellipses  of 
given  dimensions  can  be  drawn  with  great  precision  by  means  of 
the  turning  lathe,  fitted  with  apparatus  to  be  afterwards  referred  to. 
The  wheels  are  to  be  centred,  as  shown  in  fig.  72,  each  upon  one 
of  its  foci.  The  fixed  foci,  which  are  thus  placed  in  the  axes  of 
the  wheels,  are  marked  A,  B,  in  this  figure,  and  the  receiving  foci, 
C,  D.  The  ellipses  in  fig.  72  are  similar  to  that  in  fig.  71,  but 
drawn  on  one-half  of  the  scale. 


Fig.  71. 


Fig.  72. 


II.  To  find  tlte  angular  motions  and  tlie  angular  velocity-ratio 
corresponding  to  a  given  position  of  the  pitcli-point.  Suppose  both 
wheels  to  have  started  from  a  position  in  which  A,  fig.  71,  is  the 
pitch-point,  being  at  the  distance  A  F  from  the  axis  of  one  wheel, 
and  A  F'  from  that  of  the  other,  so  that  the  angular  velocity-ratio 
of  the  second  wheel  to  the  first  is  A  F  -*-  A  F.  Let  C  be  a  new 
position  of  the  pitch-point.  Draw  C  F,  C  F.  Then  the  angular 
motion  of  the  first  wheel  is  A  F  C ;  that  of  the  second  wheel  AFC; 
the  first  wheel  has  overtaken  the  second  wheel  to  the  extent  repre- 
sented by  the  angle  F  C  F  =  AFC  -AFC;  and  the  velocity- 
ratio  of  the  second  wheel  to  the  first  is  C  F  -r-  C  F'. 

A  F 

The  angular  velocity -ratio  ranges  between  the  limits  t— i?r  an(* 

A  J* 

A  F 

-:— pj ;  and  its  mean  value  in  each  half-revolution  is  unity;  because 

each  half-revolution  is  made  in  the  same  time  by  both  wheels. 
The  instantaneous  velocitv-ratio  is  unity  when  the  pitch-point  is  at 
B  or  B';  because  B  F  =  B  F. 

III.  Given,  at  any  instant,  the  position  of  one  of  the  revolving  foci, 
to  find  the  position  of  the  otlier  revolving  focus,  and  of  the  pilcli-point. 
In  tig.  72,  let  A  and  B  be  the  fixed  foci.  With  a  radius  equal  to 
the  distance  between  the  foci,  or  double  eccentricity  (F  F  in  fig. 
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71),  draw  circles  about  A  and  B.  Let  C  bo  the  given  position  of 
me  of  the  revolving  foci  Then,  with  a  radius  C  D  =  A  B  (the 
line  of  centres),  draw  a  circular  arc  about  C,  cutting  the  circle  round 
B  in  D;  this  will  be  the  other  revolving  focus.  Join  C  D,  cutting 
A  B  in  I ;  this  will  be  the  pitch-point. 

If  the  wheels  and  their  axles  overhang  the  bearings,  the  revolving 
fori,  being  at  a  constant  distance  apart,  may  be  connected  by  means 
of  ■  link,  .C  D,  as  shown  in  fig.  72.  This  is  useful  in  elliptio 
toothed  wheels  of  great  eccentricity,  because  of  the  teeth  in  certain 
positions  of  the  wheel  being  apt  to  lose  hold  of  each  other. 

109.  um  wknii  *  are  wheels  such  as  those  shown  in  figs.  74  and 
"5,  having  two,  three,  or  any  «      n" 

greater  number  of  equal  great- 
eft  radii  (such  as  those  marked 
FA' in  fig.  74,  and  FA"  in 
Sg.  75),  and  also  of  least  radii 
(such  as  those  marked  F  a'  in 
fig,  74,  and  F  a"  in  fig.  75). 
Fig.  74  represents  a  two-lobed 
wheel,  and  fig.  75  a  three  lobed 
wheel.  An  elliptic  wheel  may 
be  regarded  as  a  onc-lotxd 


greatest  and  least  radii  of  a  lobed  wheel  be  called  the  inequality; 
•o  that  in  an  elliptic  wheel  (fig.  71)  the  inequality  is  the  distance 

*  The  properties  of  these  wheels  were  discovered  by  the  Ceverend  W. 
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between  the  foci,  F  F.  Then  any  pair  of  lobed  wheels  in  which 
the  inequality  is  the  same  will,  if  properly  shaped,  work  together 
in  rolling  contact,  and  that  whether  their  numbers  of  lobes  are  many 
or  few,  the  same  or  different;  and  this  statement  includes  one- 
lobed  or  elliptic  wheels. 

The  advantage  of  wheels  with  two  or  more  lobes  is  their  being 
self-balanced,  which  elliptic  wheels  are  not. 

The  following  are  the  rules  for  designing  lobed  wheels. : — 

I.  Given,  in  a  pair  of  equal  and  similar  lobed  wheels,  Hie  angle  by 
which  each  wheel  is  alternately  to  overtake  and  to  fall  beliind  tlve  oilier 
wheel,  tlie  number  of  lobes,  and  the  mean  radius,  to  find  the  inequality, 
and  thence  the  greatest  and  least  radii.  Multiply  the  given  angle  by 
the  number  of  lobes;  then,  from  a  point  B" ,  fig.  73,  draw  two  lines, 
B"  F,  B"*  F,  making  with  each  other  an  angle  equal  to  the  product, 
and  make  the  length  of  each  of  them  equal  to  the  given  mean 
radius.  Draw  the  straight  line  F  F;  this  will  be  the  required 
inequality.  Bisect  F  F  in  O,  and  produce  it  both  ways ;  then  lay 
off  OA"  =  0  a"  =  B"'  F  =  B"  F,  the  mean  radius ;  then  F  A"'  = 
F  aT  will  be  the  greatest  radius,  and  FAW  =  F  a"'  the  least 
radius. 

II.  To  find  any  number  of  points  in  the  pitch-line.  In  fig.  73, 
with  the  major  axis  A"'  a",  and  the  foci  F  and  F',  draw  a  semi- 
ellipse  A"'  B"  a".  Then,  in  fig.  75,  draw  from  the  centre,  F,  the 
straight  lines  marked  F  A"',  dividing  a  complete  revolution  into  as 
many  equal  parts  as  there  are  to  be  lobes  (in  the  present  case, 
three).  Make  each  of  these  lines  equal  to  the  greatest  radius 
(F  A"',  fig.  73).  Bisect  the  angles  between  them  with  the  straight 
lines  marked  F  a'",  fig.  75,  and  make  each  of  the  latter  set  of  lines 
equal  to  the  least  radius  (F  am ,  fig.  73).  Divide  the  half- revolution 
in  fig.  73  into  any  convenient  number  of  equal  angles  by  the  radi- 
ating lines  F  1,  F  2,  <fcc,  meeting  the  ellipse  at  1,  2,  (fee  Divide 
each  of  the  angles  marked  A"  F  a'"  in  fig.  75  into  the  same  number 
of  equal  parts  by  radiating  lines,  and  lay  off  upon  them  lengths, 
F  1,  F  2,  <fec,  equal  to  those  of  the  corresponding  lines  in  fig.  73; 
the  points  1,  2,  etc.,  in  fig.  75,  thus  found,  will  be  points  in  tlie 
required  pitcli-line. 

III.  To  find  Hie  positions  of  the  mean  radii  of  the  required  pitch- 
line.  Divide  the  angle  A"7  F  B'"',  in  fig.  73  by  the  number  of 
lobes,  and  lay  off  the  quotient  for  each  of  the  angles  marked 
A"'  F  B*  in  fig.  75;  then  make  each  of  the  radii  F  B"'  in  fig.  75 
equal  to  F  B'",  in  fig.  73;  these  will  be  the  required  mean 
radii. 

Remark. — The  example  in  fig.  75  is  a  three-lobed  wheeL  The 
two-lobed  wheel  of  fig.  74  is  drawn  by  a  similar  process ;  the  ellipse 
used  for  finding  the  radii  being  A"  B"  a"  in  fig.  73 ;  the  inequality 
F  F';  and  the  angle  by  which  eacb  wheel  alternately  overtakes  and 


LOBED  WHEELS — LOGARITHMIC  SPIRAL  SECTORS. 


99 


falls  behind  another  equal  and  similar  wheel  being  one-half  of 
FFF,  fig.  73. 

IV.  To  draw  the  pitch-lines  of  a  set  of  wheels  of  different  numbers 
of  lobes,  all  of  which  sliall  work  wUlh  each  other  in  rolling  con- 
tact. The  inequality  roust  be  the  same  in  each  wheel.  Let  F  F, 
fig.  73,  be  that  inequality;  and  let  O  be  the  centre.  A'"  a"'  the 
major  axis,  and  O  B"  the  semi-minor  axis  of  the  ellipse  which 
serves  for  finding  the  radii  of  one  of  the  set  of  wheels,  which  one 
wheel  is  given.  Divide  O  B"  into  as  many  equal  parts  as  there 
are  lobes  in  the  given  wheel ;  say,  for  example,  three.  To  find  the 
figure  of  a  wheel  having  any  other  number  of  lobes  (say  two),  take 
the  point  B"  at  that  number  of  divisions  from  O;  join  F  B",  F  B"; 
lay  off  O  A"  =  O  a"  =  F  B"  =  F  B";  draw  the  ellipse  A"  B"  a?  with 
A"  a"  for  its  major  axis,  and  F  and  F'  for  its  foci ;  this  will  be  the 
ellipse  for  determining  the  lengths  of  the  radii  of  the  new  (two- 
lobed)  wheel. 

The  ellipse  A'  K  a'  with  the  same  foci,  F  F,  whose  minor  semi- 
axis,  O  B',  is  one  division  of  O  B"',  is  itself  the  pitch-line  of  the 
one-lobed  wheel,  which  will  work  in  rolling  contact  with  any  wheel 
of  the  set. 

110.   logarithmic   Spiral    Sectors   or   Boiling    Cam*. — A    pair    of 

logarithmic  spiral  sectors  may  be  used  as  rolling  cams,  to  com- 
municate by  rolling  contact  an  angular  motion  of  limited  extent, 
in  the  course  of  which  it  is  desired  that  the  velocity-ratio  shall 
range  between  certain  limits.  The  general  nature  of  the  figure* 
and  position  of  such  a  pair  of  sectors  may  be  represented  by  fig.  69, 
page  92. 

The  only  cases  in  which  the  dimensions  and  figures  of  such 
sectors  can  be  determined  by  plane  geometry  alone,  without  the- 
aid  of  calculation,  are  two,  viz. :  when  the  two  sectors  are  equal 
and  similar,  so  that  the  sum  of  the  greatest  and  least  radii  of  each 


of  the  two  sectors  is  equal  to  the 
line  of  centres;  and  when  the 
combination  consists  of  one  sector, 
working  with  a  sliding  bar  or 
smooth  rack.  The  following  are 
the  iiilea  applicable  to  such  r# 
cases : —  A*l. 

I.  Given,  in  fig.  76,  the  least  and  j\ 
greatest  radii,  O  A  and  O  B,  of  a 
logarithmic  spiral  sector,  and  the 
angle  A  O  B  between  them,  to  find 
intermediate  points  in  the  pitch-line 
of  such  a  sector,  and  to  draw  tliat 
piich-line  approximately  by  means 
of  one  or  more  circular  arcs. 


« 
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Describe  a  circle  about  the  triangle  OAB;  that  is  to  say,  bisect 
any  two  of  the  sides  of  that  triangle  (C,  E,  and  D  being  the  three 
points  of  bisection),  and  from  the  points  of  bisection  draw  perpen- 
diculars to  the  sides,  meeting  in  F,  which  will  be  the  centre  of  the 
circle  through  O,  A,  and  B.  Draw  the  diameter  GFCH,  bisect- 
ing the  arc  A  H  B  in  H  and  the  arc  A  O  G  B  in  G.  Join  O  H 
(which  will  be  perpendicular  to  O  G,  and  will  bisect  the  angle 
A  O  B);  and  about  G,  with  the  radius  G  A  =  G  B,  draw  the 
circular  arc  A  K  B,  cutting  O  H  in  K.  Then  K  will  be  a  point 
in  the  required  spiral ;  and  A  K  B  will  be  the  nearest  approxi- 
mation to  the  spiral  arc  traversing  the  three  points,  A,  K 
and  B,  that  it  is  possible  to  make  by  means  of  one  circular  arc 
only. 

To  find  two  additional  points,  and  a  closer  approximation  to  the 
curve,  treat  each  of  the  triangles  OAK  and  O  K  B  as  the 
triangle  OAB  was  treated ;  the  result  will  be  the  finding  of  two 
more  points  in  the  spiral,  situated  respectively  in  the  radii  which 
bisect  the  angles  A  O  K  and  KOB;  and  the  drawing  of  two 
circular  arcs,  one  extending  from  A  to  K,  and  the  other  from  K 
to  B,  which  will  make  a  closer  approximation  to  the  spiral  arc 
than  a  single  circular  arc  does. 

The  next  repetition  of  the  process  will  give  four  additional  points 
and  four  circular  arcs;  the  next,  eight  additional  points  and  eight 
circular  arcs;  and  so  on  to  any  degree  of  precision  that  may  be 
required. 

The  radius  O  K  is  a  mean  proportional  between  O  A  and  O  B ; 
and  this  property  enables  its  length  to  be  found  by  calculation,  if 
required. 

The  obliquity  of  a  logarithmic  spiral,  being  the  angle  which  a 
tangent  to  the  spiral  at  a  given  point  makes  with  a  tangent  to  a 
circle  described  about  the  axis  through  that  point,  or  the  equal 
angle  which  a  normal  to  the  spiral  at  the  same  point  makes  with  a 
radius  drawn  from  that  point  to  the  axis,  is  uniform  in  a  given 
spiral  In  fig.  76  the  equal  angles,  O  A  G,  O  H  G,  and  OBG, 
are  each  of  them  less  than  the  true  obliquity  of  the  spiral, 
and  the  angle  O  K  G  is  greater  than  the  true  obliquity.  To 
obtain  the  closest  approximation  to  the  true  obliquity  jxxssible 
without  further  subdividing  the  angle  A  O  B,  proceed  as 
follows : — 

II.  To  find  tJie  approximate  obliquity.  In  H  K  take  HL  =  J 
H  K;  join  L  G;  then  O  L  G  will  be  the  obliquity,  very  nearly. 
In  other  words,  L  G  will  be  very  nearly  parallel  to  a  normal, 
and  perpendicular  to  a  tangent,  to  the  true  spiral  at  the 
point  K. 

II  A.  To  find  the  approximate  obliquity  (Another  method).  By 
"Rule  I.  or  Rule  II.  of  Article  51,  page  28.  measure  the  approxi- 
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mate  length  of  the  arc  A  B  in  fig.  76.     Then,  in  fig.  77,  draw  the 

straight  line  MN  =  OB-0  A;  draw  M  P  perpendicular  to 

w_    fr         p M  N ;  and  about  N,  with  a  radius 

equal  to  the  approximate  length  of 
the  arc  A  B,  draw  a  circular  arc, 
cutting  M  P  in  P;  join  N  P; 
then  the  angle  M  P  N  will  be 
approximately  the  required  obli- 
quity. 

III.  Given  (in  fig.  76),  one  radius, 
O  K,  in  a  logarithmic  spiral  of  a 
given  obliquity,  to  draw  approxi- 
mately a  sluort  arc  of  that  spiral 
through  K.  Draw  O  G  perpen- 
dicular to  O  K ;  draw  K  G,  making 
O  K  G  =  the  angle  of  obliquity, 

and  cutting  O  K  G  in  G;  then,  with  the  radius  G  K,  draw  a  short 

circular  arc  through  K. 

IV.  To  draw  Hie  pitch-line  of  a  sliding  bar  which  sliall  work  in 
rolling  contact  with  a  given  logarithmic  spiral  sector,  A  O  B  (fig.  77). 
From  the  trace  of  the  axis  O  draw  OQR  perpendicular  to  the 
direction  in  which  tlie  bar  is  to  slide,  making  O  Q  =  O  A,  and 
O  R  =  O  B.  Find  the  obliquity  of  the  sector  by  means  of  one  or 
other  of  the  preceding  rules.  Let  I  be  any  given  position  of  the 
pitch-  point,  and  let  T  I  S,  traversing  I  perpendicularly  to  O  Q  R,  be 
parallel  to  the  direction  in  which  the  bar  is  to  slide.  Draw  the 
straight  line  NIP,  making  the  angle  S  I  N  =  T  I  P  =  the 
obliquity ;  then  draw  Q  N  and  R  P  parallel  to  T  I  S,  and  cutting 
N  I  P  in  N  and  P  respectively.  The  straight  line  NIP  will  be 
the  required  pitch-line;  and  N  and  P  will  be  the  points  in  it 
corresponding  to  A  and  B  respectively  in  the  pitch-line  of  the 
sector. 

At  the  instant  when  the  pitch-point  is  at  I,  the  velocity  of  the 
sliding  bar  is  equal  to  that  of  the  point  I  in  the  sector;  that  is  to 
say,  angular  velocity  x  01;  agreeably  to  the  general  principle  of 
Article  101,  page  84. 

The  following  rules  relate  to  the  solution  of  questions  respecting 
logarithmic  spiral  sectors  by  calculation. 

V.  Given,  two  radii  of  a  logarithmic  spiral  sector  (as  O  A 
and  O  B,  fig.  76),  and  the  angle  between  tftem  (A  O  B),  to 
find  Hie    obliquity  of   the    spiral.     Take    the    hyperbolic    logar- 

O  B 

ithm  *  of  the    ratio    nv;  divide  it  by  the  angle  A  O  B  in 


*  Hyperbolic   logarithm    of  a  ratio  =  common  logarithm    x   2*3026 
nearly. 
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circular  measure;*  the  quotient  will  be    the    tangent   of   the 
obliquity. 

YI.  Given,  the  least  and  greatest  radii  of  a  logarithmic  spiral 
sector,  and  the  angle  between  them,  to  find  ttie  lengt/is  of  a  series  of 
intermediate  radii,  which  shall  divide  that  angle  into  a  given  number 
of  equal  smaller  angles.  Take  the  difference  between  the  logar- 
ithms of  the  greatest  and  least  radii;  divide  it  by  the  given 
number;  then,  commencing  with  the  logarithm  of  the  least  radius, 
compute  by  successive  additions  of  the  quotient  a  series  of  logar- 
ithms, increasing  by  uniform  differences  up  to  the  logarithm  of  the 
greatest  radius;  these  will  be  the  logarithms  of  the  required 
intermediate  radii 

VII.  Given,  one  radius  and  the  obliquity  of  a  logaritfimic  spiral, 
to  find  the  Ungtli  of  a  radius  making  a  given  angle  with  the  given 
radius.  Multiply  the  given  angle  in  circular  measure  (see  first 
footnote  below)  by  the  tangent  of  the  obliquity ;  to  the  product 
add  the  hyperbolic  logarithm  of  the  given  radius ;  the  sum  will  be 
the  hyperbolic  logarithm  of  the  required  radius; — or  otherwise, 
multiply  the  product  by  0*4343,  and  to  the  new  product  add  the 
common  logarithm  of  the  given  radius;  the  sum  will  be  the 
common  logarithm  of  the  required  radius. 

VIII.  Given,  the  difference  between  the  greatest  and  least  radii 
of  a  logarithmic  spiral  sector,  and  the  obliquity  of  Us  pitcJi-line, 
to  find  the  length  of  its  pitch-line.  Multiply  the  difference  of  the 
radii  by  the  cosecant  of  the  obliquity,  t 

111.  Frictfonal  Gearing. — To  increase  that  friction  or  adhesion 
between  a  pair  of  wheels  which  is  the  means  of  transmitting  force 
and  motion  from  one  to  the  other,  their  surfaces  of  contact  are 
sometimes  formed  into  alternate  ridges  and  grooves  parallel  to  the 

*  Reduction  of  angles  to  circular  measure — 

1  degree    =  0*0174533  radios  length,  nearly. 
30  degrees  =  0*5236 
60  degrees  =  1*0472 
90  degrees  =  1*5708 

t  In  symbols,  the  equations  of  a  logarithmic  spiral  are  as  follows : — Let  a 
be  the  radius  from  whose  directions  angles  are  reckoned ;  r,  any  other  radius ; 
6,  the  angle  which  r  makes  with  a,  in  circular  measure ;  f,  the  obliquity  of 
the  spiral ;  «,  the  length  of  the  arc  from  a  tor;  p,  the  radius  of  curvature  at 
the  end  of  the  radius  r.    Then 

r  =  o<et«i*.  tw,  *  =  J  hyp.  log.  ^ 

0  =  cotan  <f>  •  hyp.  log.  - ; 

t»  (r  —  a)  cosec  tf>  =  a  cosec <t>  L  —  l)  > 

p  -  r  tan  <p. 


>*  »>  »> 

i»  >»  >> 

i>  i»  >» 
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pkuw  of  rotation,  constituting  what  is  called  frictional  gearing. 
Fig.  78  is  a  cross-section  of  the  rim  of  a  wheel,  illustrating  the 
kind  of  frictional  gearing  invented  by  Mr.  Robertson.  The  com- 
parative motion  of  a  pair  of  wheels  thus  ridged  and  grooved  is  nearly 
the  same  with  that  of  a  pair  of  smooth  wheels 
in  rolling  contact,  having  cylindrical  or  conical 
pitch-surfaces  lying  midway  between  the  tops  of 
the  ridges  and  bottoms  of  the  grooves. 

The  relative  motion  of  the  surfaces  of  contact  of 
the  ridges  and  grooves  is  a  rotatory  sliding  or 
grinding  motion  about  the  line  of  contact  of  the 
ideal  pitch-surfaces  as  an  instantaneous  axis ;  and 
the  angular  velocity  of  that  relative  grinding  motion  is  equal  to 
the  angular  velocity  of  one  wheel  considered  as  rolling  upon  the 
other  as  a  fixed  wheel;  which  may  be  found  by  the  principles  of 
Article  77,  page  56,  and  Article  82,  page  68. 

The  angle  between  the  sides  of  each  groove  is  about  40°;  and  it 
is  stated  that  the  mutual  friction  of  the  wheels  is  about  once  and 
a-half  the  force  with  which  their  axes  are  pressed  towards  each 
other. 


Fig.  78. 


Section  III.— Of  tlie  Pitch  and  Number  of  the  Teeth 

of  Wlieels. 

112.  Ctelatia*  between  Teeth  and  Pitcb-Sarlacee — Natnre  of  tbe 
Sabject.  (A.  J/.,  446.)— The  most  usual  method  of  communicating 
motion  between  a  pair  of  wheels,  or  a  wheel  and  a  rack,  and  the 
only  method  which,  by  preventing  the  possibility  of  the  rotation 
of  one  wheel  unless  accompanied  by  the  other,  insures  the  pre- 
servation of  a  given  velocity-ratio  exactly,  is  by  means  of  a  series 
of  alternate  ridges  and  hollows  parallel,  or  nearly  parallel,  to  the 
successive  lines  of  contact  of  the  ideal  toothless  wheels  or  pitch- 
surfaces,  whose  velocity-ratio  would  be  the  same  with  that  of  the 
toothed  wheels.  The  ridges  are  called  teeth;  the  hollows,  spaces. 
The  teeth  of  the  driver  push  those  of  the  follower  before  them, 
and  in  so  doing  sliding  takes  place  between  them  in  a  direction 
across  their  lines  of  contact. 

The  properties  of  pitch-surfaces  and  pitch-lines,  and  the  art  of 
designing  them,  have  been  explained  in  the  preceding  section. 
The  figures  of  teeth  depend  on  the  principles  of  sliding  contact, 
which  belong  to  the  ensuing  section.  The  present  section  relates 
to  questions  connected  with  the  manner  in  which  the  pitch-line  of 
a  wheel  is  divided  by  the  acting  surfaces  of  its  teeth,  without 
reference  to  the  figures  of  those  surfaces;  for  such  questions  do  not 
require  the  principles  of  sliding  contact  for  their  solution. 

113.   Pitch  Define*.    (A.  M.,  447.) — The  distance,   measured 
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along  the  pitch-line,  from  the  front  of  one  tooth  to  the  front  of  the 
next,  is  called  the  pitch. 

114.  General  Principle*.  (A.  M.,  447.) — The  pitch,  and  the 
number  of  teeth  in  wheels,  are  regulated  by  the  following 
principles : — 

I.  In  wheels  which  rotate  continuously  for  one  revolution  or 
more,  it  is  obviously  necessary  that  tlie  pUcJi  slhovld  be  an  aliquot 
part  of  the  circumference  of  Hie  pitdi-line. 

In  racks,  and  in  wheels  which  reciprocate  without  performing  a 
complete  revolution,  this  condition  is  not  necessary.  Such  wheels 
are  called  sectors,  as  has  been  already  stated. 

II.  In  order  that  a  pair  of  wheels,  or  a  wheel  and  a  rack,  may 
work  correctly  together,  it  is  in  all  cases  essential  that  the  pilch 
should  be  the  same  in  each, 

IIL  Hence,  in  any  pair  of  wheels  which  work  together,  tlte 
numbers  of  teetli  in  a  complete  circumference  are  inversely  as  tits 
numbers  of  whole  revolutions  in  a  given  time;  or,  in  other  words, 
directly  as  the  times  of  revolution, 

IV.  Hence,  also,  in  any  pair  of  wheels  which  rotate  continuously 
for  one  revolution  or  more,  the  ratio  of  the  times  of  revolution 
(being  equal  to  that  of  the  numbers  of  teeth),  and  its  reciprocal,  the 
ratio  of  the  numbers  of  revolutions  in  a  given  time,  must  both 
be  expressible  in  whole  numbers. 

V.  In  circular  wheels,  everything  stated  in  the  preceding 
principles  regarding  the  ratio  of  the  numbers  of  revolutions  in  a 
given  time  (in  other  words,  of  the  mean  angular  velocity-ratio)  is 
true  also  of  the  angular  velocity-ratio  at  every  instant. 

115.  Frequency  of  Contact — Hunting-Cog. — Let  W,  N,  be  the  re- 
spective numbers  of  teeth  in  a  pair  of  wheels,  N  being  the  greater. 
Let  t9  T,  be  a  pair  of  teeth  in  the  smaller  and  larger  wheel  respec- 
tively, which  at  a  particular  instant  work  together.  It  is  required 
to  find,  first,  how  many  pairs  of  teeth  must  pass  the  pitch-point 
before  t  and  T  work  together  again  (let  this  number  be  called  a) ; 
secondly,  with  how  many  different  teeth  of  the  larger  wheel  tho 
tooth  t  will  work  at  different  times  (let  this  number  be  called  b) ; 
and  thirdly,  with  how  many  different  teeth  of  the  smaller  wheel 
the  tooth  T  will  work  at  different  times  (let  this  be  called  c). 

Case  1.  If  n  is  a  divisor  of  N, 

a  =  N;  b  =  -;  c  =  1 (1.) 

n  x    ' 

Case  2.  If  the  greatest  common  divisor  of  N  and  n  be  d,  a 
number  less  than  n,  so  that  n  =  f»^N  =  M^  then 

a  =  mN  =  Mn  =  Mmtf;6  =  M;  c  =  m (2.) 

Case  3.  If  N  and  n  be  prime  to  each  other, 

o  =  Nn;  6  =  N;  c  =  n. (3.) 


HUNTING-COO — SMALLEST  PINION — ARITHMETICAL  RULE&       105 

It  is  considered  desirable  by  millwrights,  with  a  view  to  the 
preservation  of  the  uniformity  of  shape  of  the  teeth  of  a  pair  of 
wheels,  that  each  given  tooth  in  one  wheel  should  work  with  as 
many  different  teeth  in  the  other  wheel  as  possible.  They  there- 
fore study  to  make  the  numbers  of  teeth  in  each  pair  of  wheels 
which  work  together  such  as  to  be  either  prime  to  each  other,  or  to 
have  their  greatest  common  divisor  as  small  as  is  possible  con- 
sistently with  the  purposes  of  the  machine. 

When  the  ratio  of  the  angular  velocities  of  two  wheels,  being 
reduced  to  its  least  terms,  is  expressed  by  numbers  less  than 
those  which  can  be  given  to  wheels  in  practice,  and  it  becomes 
necessary  to  employ  multiples  of  those  numbers  by  a  common 
multiplier,  which  becomes  a  common  divisor  of  the  numbers  of 
teeth  in  the  wheels,  millwrights  and  engine-makers  avoid  the  evil 
of  frequent  contact  between  the  same  pairs  of  teeth,  by  giving  one 
additional  tooth,  called  a  hunting-cog,  to  the  larger  of  the  two 
wheels.  This  expedient  causes  the  velocity-ratio  to  be  not  exactly 
but  only  approximately  equal  to  that  which  was  at  first  contem- 
plated ;  and  therefore  it  cannot  be  used  where  the  exactness  of 
certain  velocity-ratios  amongst  the  wheels  is  of  importance,  as  in 
clockwork. 

116.  Smallest  Pinion.— The  smallest  number  of  teeth  which  it  is 
practicable  to  give  to  a  pinion  (that  is,  a  small  wheel),  is  regulated 
by  principles  which  will  appear  when  the  forms  of  teeth  are  con- 
sidered. The  following  are  the  least  numbers  of  teeth  which  can  be 
usually  employed  in  pinions  having  teeth  of  the  three  classes  of 
figures  named  below,  whose  properties  will  be  explained  in  the 
sequel : — 

I.  Involute  teeth, 25 

II.  Epicycloidal  teeth, 12 

III.  Hound  teeth,  or  staves, 6 

117.  Arithmetical  Bales.— For  convenience  sake  the  following 
arithmetical  rules  are  here  given,  as  being  useful  in  the  designing  of 
toothed  gearing. 

I.  To  find  the  prime  factors  of  a  given  number.  Try  the  prime 
numbers,  2,  3,  5,  7,  11,  &c,  as  divisors  in  succession,  until  a  prime 
number  has  been  found  to  divide  the  given  number  without  a 
remainder;  then  try  whether  and  how  many  times  over  the  quotient 
is  again  divisible  by  the  same  prime  number,  so  as  to  obtain  a 
quotient  not  divisible  again  by  the  same  prime  number;  then  try 
the  division  of  that  quotient  by  the  next  greater  prime  number ;  and 
so  on  until  a  quotient  is  obtained  which  is  itself  a  prime  number; 
that  is,  a  number  not  divisible  by  any  other  number  except  1.  This 
final  quotient  and  the  series  of  divisors  will  be  the  prime  factors  of 
the  given  number.     To  test  the  accuracy  of  the  process,  multiply 
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all  the  prime  factors  together;  the  product  should  be  the  given 
number. 

II.  To  find  the  greatest  common  measure  (otherwise  called  the 
greatest  common  divisor)  of  two  numbers.  Divide  the  greater 
number  by  the  less,  so  as  to  obtain  a  quotient,  and  a  remainder  less 
than  the  divisor;  divide  the  divisor  by  the  remainder  as  a  new 
divisor;  that  new  divisor  by  the  new  remainder;  and  so  on,  until  a 
remainder  is  obtained  which  divides  the  previous  divisor  without 
a  remainder.  That  last  remainder  will  be  the  required  greatest 
common  measure. 

If  the  last  remainder  is  1,  the  two  numbers  are  said  to  be  "prime 
to  each  other." 

Example. — Required,  the  greatest  common  measure  of  1420  and 
1808. 

Divisor,  1420)  1808  (1,  Quotient 

1420 

Remainder,         388)  1420  (3,  Quotient 

1164 

Remainder,         256)  388  (I,  Quotient 

256 

Remainder,         132)  256  (1,  Quotient. 

132 

Remainder,         124)  132  (1,  Quotient 

124 

Remainder,         8)  124  (15,  Quotient 

120 

Remainder,         4)  8  (2,  Quotient 

The    last    remainder,    4,    is    the    required    greatest    common 
measure. 

III.  To  reduce  the  ratio  of  two  numbers  to  its  least  terms, 
divide  both  numbers  by  their  greatest  common  measure. 

.     1808  +  4       452 
For  example,  ^^-J  =  j^ 

IV.  To  express  the  ratio  of  two  numbers  in  Hue  form  of  a  continued 
fraction.  Let  A  be  the  lesser  of  the  two  numbers,  and  B  the 
greater;  and  let  a,  6,  c,  d,  <fca,  be  the  quotients  obtained  during 
the  process  of  finding  the  greatest  common  measure  of  A  and  B. 
Then,  in  the  equation 


CONTnrUED  FRACTIONS*  107 

B  =  a  +  1 
A  6  +  1 

c+1 

d-\-  &<x, 

the  right-hand  side  is  the  continued  fraction  required. 

To  save  space  in  printing,  a  continued  fraction  is  often  arranged 
as  follows : — 

The  ratio  of  two  incommensurable  quantities  is  expressed  by  an 
endless  continued  fraction.     For  example,  the  ratio  of  the  diagonal 

to  the  side  of  a  square  is  expressed  by  1  +  5-7  ^—r   ^--r-  ^—-  &c, 

without  end. 

V.  To  form  a  series  of  approximations  to  a  given  ratio.     Express 
the  ratio  in  the  form  of  a  continued  fraction.     Then  write  the 

quotients  in  their  order;  and  in  a  line  below  them  write  -  to  the 

left  of  the  first  quotient,  and  ^  directly  under  the  first  quotient. 

Then  calculate  a  series  of  fractions  by  the  following  rule : — Multiply 
the  first  quotient  by  the  numerator  of  the  fraction  that  is  below 
it,  and  add  the  numerator  of  the  fraction  next  to  the  left;  the 
sum  will  be  the  numerator  of  a  new  fraction :  multiply  the  first 
quotient  by  the  denominator  of  the  fraction  that  is  below  it,  and 
add  the  denominator  of  the  fraction  that  is  next  to  the  left;  the 
sum  will  be  the  denominator  of  the  new  fraction ;  then  write  that 
new  fraction  under  the  second  quotient,  and  treat  the  second 
quotient,  the  fraction  below  it,  and  the  fraction  next  to  the  left,  as 
before,  to  find  a  fraction  which  is  to  be  written  under  the  third 
quotient,  and  so  on.     For  example : 

Quotients,.... a,  b,    c,    d,  &c. 

_,  0   1    n    n'    n" 

Fractions,  -,  x,  --,  -,,  -*; 
•    1   U  m  m   7th 

n  __  0  +  a  _a    n'__l+on    n"  _  w  +  cri     . 
m~~T+~d~~V  m'~0  +  bm'  mH"m  +  cm''3 

To  take  a  particular  case;  let  the  given  ratio  be  as  before,  w^x' 
then  we  have  the  following  series : — 
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Quotients,,. 1     3     1     1     1     15       2 

_,       .  0     1     1     4     5     9     14     219    452 

Fractlon8' 10     13     4     7     fi     172    355 

Le*s  or  greater  than  )  L    G    L    G   L    G    L      G 
given  ratio, J 

The  fractions  in  a  series  formed  in  the  manner  just  described  are 
called  converging  fractions,  and  they  have  the  following  properties  : — 
First,  each  of  them  is  in  its  least  terms;  secondly,  the  difference 
between  any  pair  of  consecutive  converging  fractions  is  equal  to 
unity  divided  by  the  product  of  their  denominators;  for  example, 

9       5     36  -  35        19       14       99-98        1      ,. .   „      Al 

7  -  4  -ttt-  =  &  7  - 11 =  tttt  =  tt  thlrdhj>  they 

are  alternately  less  and  greater  than  the  given  ratio  towards  which 
they  approximate,  as  indicated  by  the  letters  L  and  G  in  the 
example;  and,  fourtldy,  the  difference  between  any  one  of  them 
and  the  given  ratio  is  less  than  the  difference  between  that  one  and 
the  next  fraction  of  the  series. 

Fractions  intermediate  between  the  converging  fractions  may  bo 

found  bv  means  of  the  formula  -, —j — •  where  -and  —7  are 

hni  +  km  m         m 

any  two  of  the  converging  fractions,  and  h  and  k  are  any  two  whole 

numbers,  positive  or  negative,  that  are  prime  to  each  other. 

118.  A  Train  «f  Whceiwork  (A.  M.,  449,)  consists  of  a  series  of 
axes,  each  having  upon  it  two  wheels,  one  of  which  is  driven  by  a 
wheel  on  the  preceding  axis,  while  the  other  drives  a  wheel  on  the 
following  axis.  If  the  wheels  are  all  in  outside  gearing,  the  direction 
of  rotation  of  each  axis  is  contrary  to  that  of  the  adjoining  axes. 
In  some  cases  a  single  wheel  upon  one  axis  answers  the  purpose 
both  of  receiving  motion  from  a  wheel  on  the  preceding  axis  and 
giving  motion  to  a  wheel  on  the  followiug  axis.  Such  a  wheel  is 
called  an  idle  wheel:  it  affects  the  direction  of  rotation  only,  and 
not  the  velocity-ratio. 

Let  the  series  of  axes  be  distinguished  by  numbers    1,    2,    3, 

♦fee m;  let  the  numbers  of  teeth  in  the  driving  wficels  be 

denoted  by  N's,  each  with  the  number  of  its  axis  affixed;  thus, 

Nj,  N2,  &c Nw  _x ;  and  let  the  numbers  of  teeth  in  the  driven 

or  following  wheels  be  denoted  by  n's,  each  with  the  number  of  its 

axis  affixed;   thus,  nv  n3,  &c nm.     Then  the   ratio  of  the 

angular  velocity  am  of  the  mih  axis  to  the  angular  velocity  Oj  of  the 
first  axis  is  the  product  of  the  m  -  \  velocity-ratios  of  the  succes- 
sive elementary  combinations,  viz. : — 

am  __  Nx .  N2 .  <fec  ....  N„  _  t 
ax  "~     7*2  •  W3  •  <fea  .  .  .  .  nm     ' 


TRAINS  OF  WHEELS.  109 

that  is  to  say,  the  velocity-ratio  of  the  last  and  first  axes  is  the 
ratio  of  the  product  of  the  numbers  of  teeth  in  the  drivers  to  the 
product  of  the  numbers  of  teeth  in  the  followers;  and  it  is  obvious, 
that  so  long  as  the  same  drivers  and  followers  constitute  the  train, 
the  order  in  which  they  succeed  each  other  does  not  affect  the 
resultant  velocity-ratio. 

Supposing  all  the  wheels  to  be  in  outside  gearing,  then,  as  each 
elementary  combination  reverses  the  direction  of  rotation,  and  as 
the  number  of  elementary  combinations,  m  —  1,  is  one  less  than 
the  number  of  axes,  m,  it  is  evident  that  if  m  is  odd,  the  direction 
of  rotation  is  preserved,  and  if  even,  reversed. 

It  is  often  a  question  of  importance  to  determine  the  numbers  of 
teeth  in  a  train  of  wheels  best  suited  for  giving  a  determinate 
velocity-ratio  to  two  axes.  It  was  shown  by  Young,  that  to  do 
this  with  the  least  total  number  of  teeth,  the  velocity- ratio  of  each 
elementary  combination  should  approximate  as  nearly  as  possible  to 
3*59.  This  would  in  some  cases  give  too  many  axes;  and  as  a 
convenient  practical  rule  it  may  be  laid  down,  that  from  3  to  6 
ought  to  be  the  range  of  the  velocity -ratio  of  an  elementary  com- 
bination in  wheelwork.  * 

Let  7-,  be  the  velocity-ratio  required,  reduced  to  its  least  terms, 

and  let  B  be  greater  than  C. 

If  —  is  not  greater  than  6,  and  C  lies  between  the  prescribed 

minimum  number  of  teeth  (which  may  be  called  t),  and  its  double 

2 1,  then  one  pair  of  wheels  will  answer  the  purpose,  and  B  and  C 

will  themselves  be  the  numbers  required.     Should  B  and  C  be 

inconveniently  large,  they  are  if  possible  to  be  resolved  into  factors, 

and  those  motors,  or,  if  they  are  too  small,  multiples  of  them,  used 

for  the  numbers  of  teeth.     Should  B  or  C,  or  both,  be  at  once 

inconveniently  large,  and  prime,  or  should  they  contain  incon- 

■d 

veniently  large  prime  factors,  then,  instead  of  the  exact  ratio  .-, 

*  The  following  are  some  examples  of  the  results  of  Young's  rule,  the  first 
line  containing  velocity-ratios,  and  the  second,  the  numbers  of  elementary 
combinations  of  wheels  suited  to  give  velocity-ratios  intermediate  between 
the  numbers  in  the  first  line : — 

1        7        24        88        315        1132        4064        14596 
12         3  4  5  6  7 

The  following  are  examples  of  the  results  of  the  modified  rule,  that  the 
lowest  of  the  velocity -ratios  for  each  elementary  combination  should  rouge 
from  3  to  6 : — 

1        6        36        216        1296        7776 
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some  ratio  approximating  to  that  ratio,  and  capable  of  resolution 
into  convenient  factors,  is  to  be  found  by  the  method  of  continued 
fractions  (see  Article  117,  page  106);  also  Willis  On  Mechanism, 
pages  223  to  238). 

Should  ^  be  greater  than   6,  the  best  number  of  elementary 

combinations  is  found  by  dividing  by  6  again  and  again  till  a 
quotient  is  obtained  less  than  unity,  when  the  number  of  divisions 
will  be  the  required  number  of  combinations,  m  —  1. 

Then,  if  possible,  B  and  C  themselves  are  to  be  resolved  each 
into  m  —  1  factors,  which  factors,  or  multiples  of  them,  shall  be  not 
less  than  t>  nor  greater  than  6 1;  or  if  B  and  C  contain  incon- 
veniently large  prime  factors,  an  approximate  velocity-ratio,  found 

by  the  method  of  continued  fractions,  is  to  be  substituted  for  n,  as 

before.  When  the  prime  factors  of  either  B  or  C  are  fewer  in 
number  than  m  —  1,  the  required  number  of  factors  is  to  be  made 
up  by  inserting  1  as  often  as  may  be  necessary.  In  multiplying 
factors  that  are  too  small  to  serve  for  numbers  of  teeth,  prime 
numbers  differing  from  those  already  amongst  the  factors  are  to  be 
preferred  as  multipliers;  and  in  general,  where  two  or  more  factors 
require  to  be  multiplied,  different  prime  numbers  should  be  used 
for  the  different  factors. 

So  far  as  the  resultant  velocity-ratio  is  concerned,  the  order  of 
the  drivers  N,  and  of  the  followers  n,  is  immaterial;  but  to  secure 
equable  wear  of  the  teeth,  as  explained  in  Article  11  a,  page  104, 
the  wheels  ought  to  be  so  arranged  that  for  each  elementary  com- 
bination the  greatest  common  divisor  of  N  and  n  shall  be  either 
1,  or  as  small  as  possible;  and  if  the  preceding  rules  have  been 
observed  in  the  choice  of  multipliers,  this  will  be  ensured  by  so 
placing  each  driving  wheel  that  it  shall  work  with  a  followiug 
wheel  whose  number  of  teeth  does  not  contain  any  of  the  same 
multipliers;  for  the  original  numbers  B  and  C  contain  no  common 
factor  except  1. 

The  following  is  an  example  of  a  case  requiring  the  use  of 
additional  multipliers : — Let  the  required  velocity-ratio,  in  its  least 
terms,  be 

B       360 

C  ~     7  ' 

To  get  a  quotient  less  than  1,  this  ratio  must  be  divided  by  6 
three  times  y  therefore  m  —  1  =  3.  The  prime  factors  of  360  are 
2*2<2*3'3't>;  these  may  be  combined  so  as  to  make  three 
factors  in  various  different  ways;  and  the  preference  is  to  be  given 
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to  that  which  makes  these  factors  least  unequal,  viz.,  5*8*9. 
Hence,  resolving  numerator  and  denominator  into  three  factors 
each,  we  have 

B  _  5*8*9 

C  "  1  •  1  •  r 

It  is  next  necessary  to  multiply  the  factors  of  the  numerator  and 
denominator  by  a  set  of  three  multipliers.  Suppose  that  the  wheels 
to  be  used  are  of  such  a  class  that  the  smallest  pinion  has  12  teeth, 
then  those  multipliers  must  be  such  that  none  of  their  products  by 
the  existing  factors  shall  be  less  than  12;  and  for  reasons  already 
given,  it  is  advisable  that  they  should  be  different  prime  numbers. 
Take  the  prime  numbers,  2,  13,  17  (2  being  taken  to  multiply  7); 
then  the  numbers  of  teeth  in  the  followers  will  be 

13  x  1  =  13;  17  x  1  =  17;  2  x  7  =  14. 

In  distributing  the  multipliers  amongst  the  factors  of  the  num- 
erator, let  the  smallest  multiplier  be  combined  with  the  largest 
factor,  and  so  on ;  then  we  have 

17  x  5  =  85;  13  x  8  =  104;  2  x  9  =  18. 

Finally,  in  combining  the  drivers  with  the  followers,  those 
numbers  are  to  be  combined  which  have  no  common  factor;  the 
result  being  the  following  train  of  wheels : — 

85    18    104  _  3C0 
H"  13'   17    ~     7 

119.  Diametral  and  Radial  Plica.— The  diametral  pitch  of  a 
circular  wheel  is  a  length  bearing  the  same  proportion  to  the  pitch 
proper,  or  circular  pitch,  that  the  diameter  of  a  circle  bears  to  its 
circumference;  and  the  radial  pitch  23  half  the  diametral  pitch. 
In  other  words,  the  diametral  pitch  is  to  be  found  by  dividing  the 
diameter  of  the  pitch-circle  by  the  number  of  teeth  in  the  whole 
circumference,  and  the  radial  pitch  by  dividing  the  radius  by  the 
same  number.  In  symbols,  let  p  be  the  pitch,  properly  so  called, 
or  circular  pitch,  as  measured  on  the  pitch  circle,  r  the  radius  of 
the  pitch  circle,  or  geometrical  radius,  and  n  the  number  of  teeth; 

a  the  diametral  pitch,  and  ^  the  radial  pitch;  then 

113  2r    a  355 

q  _  113      _  r        _  nq        _  710  q 
2  "  710 P  ~  n'  T  "  ~2  ;  p  "  "113 *2' 
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"Wheels  arc  sometimes  described  by  stating  how  many  teeth  they 
liave  for  each  inch  of  diameter;  that  is  to  say,  by  stating  the  recipro- 
cal of  (lie.  diametral  pitch  in  indies  I-  =  5—  J ;  and  the  phrases  used 

in  so  describing  them  are  such  as  the  following : — A  tliree-pitch  wheel 

is  a  wheel  having  three  teeth  for  each  inch  of  diameter ;  so  that 

1                                 355 
q  =■  ^  inch,  and  p  =  yr-Q ^  inch  =  1/0472    inch;    a    ten-pitch 

tcheel  is  a  wheel  haying  ten  teeth  for  each  inch  of  diameter;  so  that 

35*5 
q  =  0*1  inch,  and  p  =  yy^r  inch  =  0*31416  inch;  and  so  on. 

The  following  are  rules  for  solving  questions  regarding  radial 
and  circular  pitch  by  graphic  construction. 

I.  Given,  t/te  circular  jntdi  of  a  wheel,  to  find  Hie  radial  pitcli. 
Draw  a  straight  line  equal  to  one-sixth  part  of  the  given  circular 
pitch,  and  then,  by  Rule  IV.  of  Article  51,  page  29,  find  the  two 
«nds  of  a  circular  arc  approximately  equal  in  length  to  that  straight 
line,  and  subtending  60°.  The  chord  of  that  arc  will  be  the  re- 
quired radial  pitch  very  nearly,  being  too  long  by  about  one-900th 
part  only. 

Tins  may  be  expressed  in  other  words,  as  follows  (see  fig.  79) : — 
Let  A  B  be  a  straight  line  equal  to  one-sixth  of  the  given  circular 

pitch.  Draw  the  equilateral  triangle 
ABC,  bisect  B C  in  D,  and  join  A  D ; 
in  A  B,  take  A  E  =  4  A  B,  and  about 
E,  with  the  radius  E  B  =  f  A  B,  draw 
the  circular  arc  B  F,  cutting  A  D  pro- 
duced in  F;  A  F  will  be  the  required 
approximate  radial  pitch. 

If  greater  accuracy  is  required,  make 
the  straight  line  equal  to  one-twelfth  of 
the  circular  pitch,  and  let  the  angle  sub- 
tended by  the  arc  be  30°;  the  radius  of 
that  arc  will  be  the  required  radial  pitch, 
correct  to  one- 14,400th  part 

II.  Given,  tlie  radial  pitch  of  a  wheel,  to  find  the  circular  pitch. 
With  a  l-adius  equal  to  six  times  the  given  radial  pitch  describe  a 
circle :  mark  upon  the  circumference  of  that  circle  a  chord  equal  to 
the  radius,  so  as  to  lay  off  an  arc  equal  to  one-sixth  part  of  the  cir- 
cumference; then,  by  Rule  I.  or  II.  of  Article  51,  page  28,  draw  a 
straight  line  approximately  equal  in  length  to  that  arc;  the  length 
of  that  straight  line  will  be  the  required  circular  pitch,  very  nearly. 

If  Rule  I.  is  used,  the  straight  line  will  be  too  short  by  about 
one-900th  part;  if  Rule  II.  is  used,  it  will  be  too  long  by  about 
one-3,600th  part.     If  a  closer  approximation  is  required,  measure 


Fig.  79. 
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the  circular  pitch  by  both  rules;  then  to  the  length,  as  measured 
by  Rule  L,  tidd/our  times  the  length  as  measured  by  Rule  1L,  and 
divide  the  sum  by  five;  the  quotient  will  be  the  required  circular 
pitch,  correct  to  about  one-40,000th  part. 

120.  Kctothre  Pa«4tJ*a»  •/Parallel  Axes  In  Wheelw*rkv— I.  Given, 

the  radial  pitch  and  the  numbers  of  teeth  of  a  pair  of  wheels  with 
parallel  axes,  to  find  the  length  of  the  line  of  centres,  or  distance 
between  the  axes.  Multiply  the  radial  pitch  by  the  sura  or  by  the 
difference  of  the  numbers  of  teeth,  according  as  the  wheels  are  in 
outside  or  inside  gearing. 

U.  Given,  the  length  of  the  line  of  centres,  and  the  numbers  of 
teeth,  to  find  the  radial  pitch.  Divide  the  given  length  by  the  sum 
or  the  difference  of  the  numbers,  according  as  the  wheels  are  in 
outside  or  inside  gearing. 

III.  Given,  in  tig  80,  the  perpendicular  distance  A  A"'  between 
the  first  and  last  axes  of  a  train  of  wheels,  which  are  to  turn  about 

parallel   axes  all  in    one     _^ _*.*  »  ^ 

plane,  and  the  numbers  of  " 
teeth  of  the  wheels;  re- 
quired, the  positions  of 
the  several  pitch -points 
and  intermediate  axes. 
From  one  end,  A,  of  the 
straight  line  A  A",  draw, 
in  any  convenient  different 
direction,  another  straight 
line  A  a",  on  which  lay 
off,  on  any  convenient 
scale,  a  series  of  lengths 
proportional  to  the  num- 
bers of  teeth,  viz. :  A  t  for  the  first  driver,  t  a'  for  the  first  follower ; 
a'  %  for  the  second  driver,  i'  a  for  the  second  follower;  and  so  on. 
Let  a  be  the  end  of  that  series  of  lengths.  Draw  the  straight 
line  a"  A",  and  parallel  to  that  line  draw  a  series  of  straight 
lines,  i  I,  a'  A,  <fcc.,  through  the  points  of  division  of  A  a",  cutting 
A  A"'  in  a  corresponding  series  of  points  of  division.  Then  A',  A", 
Ac,  will  represent  the  intermediate  axes,  and  I,  I',  <fca,  the  pitch- 
points. 

121.     I**rla* -off   Pitch,  aaa    Sabdlrtslon    of   Pltch-Une*.— The 

laying-off  of  the  pitch,  or  of  any  multiple  of  the  pitch,  on  the  pitch- 
line  of  a  wheel,  is  to  be  performed  by  means  of  Rule  III.  of  Article 
5 1 ,  page  29.  The  laying-off  of  the  same  length  upon  several  different 
pitch-lines,  so  as  to  find  corresponding  pitch-points  upon  them,  may 
be  performed  at  one  operation,  as  follows : — Let  the  straight  line 
A  G  represent  the  given  length.  In  A  G  take  A  C  =  |  AG; 
and  about  C,  with  the  radius  C  G  =  f  A  G,  draw  a  circular  arc, 

I 


Fig.  80. 
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D  G  D.""    Let  A  D,  A  D',  <fcc,  be  arcs  of  different  pitch-lines, 
touching  A  G  in  A,  and  cut  off  by  the  dotted  circular  arc ;  each 

of  these   arcs  will   be  approxi- 
^m  mately  equal  in  length  to  A  G. 

As  to  the  operation  of  "jritcltr 
ing" — that  is,  division  of  a  pitch- 
circle  or  other  pitch-line,  or  of 
any  part  of  a  pitch -line,  into  any 
required  number  of  parts,  each 
equal  to  the  pitch — see  Article 
51,  Rules  V.  and  VI.,  pages  29 
and  30. 

Circular  and  straight  pitch- 
lines  maybe  subdivided  by  means 
of  "Dividing  Engines."  In  a 
dividing  engine  the  piece  upon  which  divisions  are  to  be  marked 
is  fixed  upon  a  suitable  support,  capable  of  turning  about  an  axis 
or  of  sliding  in  a  straight  line,  as  the  case  may  be,  and  moved  by 
means  of  a  screw.  By  turning  the  screw  a  motion  of  any  required 
extent  can  be  given  to  the  piece,  and  repeated  as  often  as  may  be 
necessary ;  and  after  each  such  movement,  a  mark  is  made  on  the 
surface  to  be  divided  by  means  of  a  sharp  point  or  edge,  having 
a  movement  transverse  to  that  of  the  piece  to  be  divided.* 

Machines  are  used  by  mechanical  engineers,  with  movements  on 
the  principle  of  dividing  engines,  which  serve  both  to  pitch  wheels 
or  divide  their  pitch-circles,  and  to  cut  their  teeth  to  the  proper 
shape.     Such  machines  will  be  again  mentioned  further  on. 


Fig.  81. 


Section  IV. — Sliding  Contact — Teeth,  Screw-Gearing,  and  Cams. 

1 22.  General  Principle  of  gliding  Contact. — The  line  of  connec- 
tion, in  the  case  of  sliding  contact  of  two  moving  pieces,  is  the 
common  normal  to  their  surfaces  at  tho  point  where  they  touch ; 
and  the  principle  of  their  comparative  motion  is,  that  Hie  com- 
ponents, along  that  normal,  of  the  velocities  of  any  Uoo  points 
traversed  by  it,  are  equal.  This  being  borne  in  mind,  all  questions 
of  the  comparative  motion  of  a  pair  of  primary  pieces  in  sliding 
contact  may  be  solved  by  means  of  the  Rules  of  Article  91,  pages 
78  to  80. 

The  acting  surfaces  of  a  pair  of  pieces  in  sliding  contact  may  be 
both  plane  or  both  convex,  or  one  convex  and  one  plane;  but  one 

*  For  descriptions  of  dividing  engines  for  purposes  of  great  precision,  see 
fl&msden's  Description  of  an  Engine  for  Dividing  Mathematical  Instruments, 
1777;  Ramsden's  Description  of  an  Engine  for  Dividing  Straight  Lines,  1779; 
Holtzapffel  On  Turning  and  Mechanical  Manipulation,  voL  ii,  pages  639 
to  651 


SLIDING  CONTACT — FIGURES  OF  TEETH. 


115 


of  them  only  can  be  concave;  and  in  that  case  the  other  must  be 
convex,  and  of  a  curvature  not  flatter  than  that  of  the  concave 
surface. 

123.  Teeth  ef   Wheel*  and  Racks.     General  Principle.    (A.    J/., 

451.) — The  figures  of  the  teeth  of  wheels  and  racks  are  regulated 
by  the  principle,  that  the  teeth  shall  give  the  same  velocity-ratio  by 
their  sliding  contact  which  Hie  ideal  toothless  pitcJi-surfaces  wovld  give 
by  their  rolling  contact. 

Let  B„  B2,  in  fig.  82,  be  parts  of  the  pitch-lines  of  a  pair  of 
▼heels,  I  the  pitch-point,  and  Clf  C2  the  traces  of  the  axes. 
According  to  Article  91,  pages  78  to  80,  the  comparative  velocity 
of  two  connected  pieces  depends  on  the  position  of  the  point  where 
the  line  of  connection  cuts  the  line  of  centres.  For  a  pair  of  smooth 
pitch-surfaces,  that  point  is  the  pitch-point  I ;  and  for  a  pair  of 
surfaces  in  sliding  contact,  it  is  the  point  where  the  line  of  connection 
of  these  surfaces  (being,  as  stated  in  the  preceding  Article,  their 
common  normal  at  the  point  where  they  touch)  cuts  the  plane  of 
the  axes.  Hence  the  condition  of  the  correct  working  of  the  teeth 
of  wheels  and  racks  is  the  following : — 

The  line  of  connection  of  Uie  teeth  should  always  traverse  the  pitch- 
point 

For  example,  in  fig.  82,  Ax  Tx  and  A2  T2  may  represent  the 
traces  of  parts  of  the  acting  surfaces  of  a  pair 
of  teeth  belonging  to  the  driver  and  follower 
respectively,  Tx  and  T2  a  pair  of  particles  in 
these  surfaces,  which  at  a  given  instant  touch 
each  other  in  one  point,  and  Px  Tx  T2  P2  the 
common  normal  at  that  point;  then  that 
normal  ought  always  to  traverse  the  pitch- 
point  I. 

At  the  instant  of  passing  the  line  of  centres 
the  point  of  contact  of  a  pair  of  teeth  coincides 
with  the  pitch-point. 

124.  Teeth  —  Definitions    of   their    Part*. — 

That  part  of  the  front  or  acting  surface 
of  a  tooth  which  projects  beyond  the  pitch- 
surface  is  called  the  face;  that  part  which  lies  within  the 
pitch-surface,  the  flank.  The  flanks  of  the  teeth  of  the  driver 
drive  the  faces  of  the  teeth  of  the  follower,  and  the  faces  of  the 
teeth  of  the  driver  drive  the  flanks  of  the  teeth  of  the  follower. 
The  corresponding  divisions  of  the  back  of  a  tooth  may  be  called 
the  back-face  and  back-flank.  The  face  of  a  tooth  in  outside  gear- 
ing is  always  convex ;  the  flank  may  be  convex,  plane,  or  concave. 

When  the  motion  of  a  pair  of  wheels  is  reversed,  the  backs  of 
the  teeth  become  the  acting  surfaces. 

By  the  pitch-point  of  a  tooth  is  meant  the  point  ^\iex^  ^J&fc 


Fig.  82. 
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pitch-line  of  the  wheel  cuts  the  front  of  the  tooth.  At  the  instant 
of  passing  the  line  of  centres,  the  pitch-points  of  a  pair  of  teeth 
coincide  with  each  other,  with  the  point  of  contact,  aud  with  the 
pitch-point  of  the  pitch-lines. 

The  depth  of  a  tooth  is  the  distance  in  the  direction  of  a  radius 
from  root  to  crest ;  the  extent  to  which  the  crest  of  a  tooth  projects 
beyond  the  pitch-surface  is  called  the  addendum;  and  a  line  parallel 
to  the  pitch-line,  and  touching  the  crests  of  all  the  teeth  of  a  wheel 
or  rack,  is  called  the  addendum-like,  or,  in  a  circular  wheel,  the 
addendum-circle.  The  radius  of  the  addendum-circle  of  a  circular 
wheel  is  called  the  real  radius,  to  distinguish  it  from  the  radius 
of  the  pitch* circle,  which  is  called  the  geometrical  radius. 

Clearance  or  freedom  is  the  excess  of  the  total  depth  above  the 
working  depth,  or,  in  other  words,  the  least  distance  between  the 
crest  of  a  tooth  of  one  wheel  and  the  bottom  of  the  hollow  between 
two  teeth  of  another  wheel,  with  which  the  first  wheel  gears. 

The  pitch  of  a  pitch-line  is  divided  by  the  fronts  and  backs  of 
the  teeth  into  thickness  and  space.  The  excess  of  the  space 
between  the  teeth  of  one  wheel  above  the  thickness  of  the  teeth  of 
another  wheel  with  which  the  first  wheel  gears  is  called  play  or 
Back-lash;  because  it  is  the  distance  through  which  the  pitch-line 
of  the  driver  moves  after  having  its  motion  reversed  before  the 
backs  of  the  teeth  begin  to  act. 

125.  Cufttomarr  »imen»ion»  of  Teeth. — The  following  are  cus- 
tomary dimensions  for  teeth,  taken  from  a  table  which  Mr. 
Fairbairn  gives  in  his  treatise  On  MUlwork  (see  fig.  83). 

It  is  to  be  understood  that  these  customary  dimensions  may  be 
departed  from  when  there  is  any  sufficient  reason  for  doing  so. 
Examples  of  this  will  appear  in  the  sequel 


Fig.  83. 


DIMENSIONS  OP  TEETH — INSIDE  GEARING.  117 

Let  the  pitch  C  D  =  p;  then 

Depth,  total,  A  B  =  0  75  p; 

Clearance  or  freedom,  E  Br )        ,     aa.      ,  ***  .    ,    # 

Al»,  play  or  back.laah,  FD-CFJ  =  /=  006*  +  °^inchi# 

Depth,  working,  A  E  =  0  75  p  -f; 
Addendum,  AG=  «  A  E; 

Thickness,  CF  =  ^-^; 

ad 

Space,  F  D  =  P~^. 

Thickness  of  ring  which  carries  the  teeth  (in  a  cast-iron  wheel) 
=  thickness  of  tooth  at  root. 

The  least  tliickness  sufficient  for  the  teeth  of  a  given  pair  of 
wheels  is  a  question  of  strength,  depending  on  the  force  to  be 
exerted;  and  although  such  questions  properly  belong  to  a  later 
division  of  this  treatise,  it  may  be  convenient  to  state  here  the 
rule  generally  relied  on  : — Divide  tlie  greatest  pressure  to  be  exerted 
between  a  pair  of  teetli  in  pounds  by  1,500;  tlie  square  root  of  the 
quotient  will  be  Hie  least  proper  thickness  in  inches. 

For  pressures  expressed  in  kilogrammes,  and  thicknesses  in 
millimetres,  the  divisor  becomes  1*055;  the  rule  being  in  other 
respects  the  same. 

The  least  breadtli  sufficient  for  the  fronts  of  teeth  is  a  quantity 
depending  on  dynamical  principles,  and  belonging  properly  to  the 
next  division;  but  for  convenience  it  may  here  be  stated  that  an 
ordinary  rule  is  as  follows : — Divide  tlie  greatest  pressure  to  be  exerted 
in  pounds  by  tlie  pitch  in  indies,  and  by  160 ;  tlie  quotient  will  be  the 
breadth  in  incites. 

For  pressures  in  kilogrammes  and  dimensions  in  millimetres, 
instead  of  dividing  by  1G0,  multiply  by  9. 

1 26.  Teeth  for  inside  Gearing.— The  figures  of  the  acting  surfaces 
of  teeth  for  a  pitch-circle  in  inside  gearing  are  exactly  the  same 
with  those  suited  for  the  same  pitch-circle  in  outside  gearing;  but 
the  relative  positions  of  teeth  and  spaces,  and  those  of  faces  and 
Hanks,  are  reversed;  and  the  addendum-circle  is  of  less  radius  than 
the  pitch-circle.  All  the  rules  in  the  ensuing  Articles,  with  these 
modifications,  may  be  applied  to  inside  gearing. 

1  27.   Coalmen  Velocity  and  Relative  Velocity  of  Teeth — Approach 

aad   ftecea*— Path  of  Contact.— The  common  velocity  of  a  pair  of 

"0*04  inch  =*  1  millimetre,  nearly. 
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teeth  is  that  component  velocity  along  the  line  of  connection  whict 
is  common  to  the  pair  of  particles  that  touch  each  other  at  a  giver 
instant.  In  fig.  82,  page  115,  let  Cx  Px  and  C2  P2  be  the  twc 
common  perpendiculars  of  the  line  of  connection  and  the  two  axes 
respectively,  and  let  ax  and  a2  denote  the  angular  velocities  aboul 
those  axes ;  then  the  common  component  in  question  has  the  valut 

ai  •C1P1  =  a2'  C2  p2 0-) 

The  relative  velocity  of  a  pair  of  teeth  is  the  velocity  with  whicl 
their  acting  surfaces  slide  over  each  other;  and  it  is  found  a* 
follows : — Conceive  one  of  the  pitch-surfaces  to  be  fixed,  and  th< 
other  to  roll  upon  it,  so  that  the  line  of  contact  (I,  fig.  82,  page 
115)  becomes  an  instantaneous  axis;  find  the  resultant  angulai 
velocity  (see  Articles  73  to  77,  pages  52  to  56,  and  Articles  81  anc 
82,  pages  66  to  68),  and  multiply  it  by  the  perpendicular  distance  o 
the  point  of  contact  of  the  teeth  (T,  fig.  82)  from  the  instantaneous 
axis;  the  product  will  be  the  relative  velocity  required.  That  L< 
to  say,  let  c  denote  the  resultant  angular  velocity  about  th< 
instantaneous  axis  of  the  pitch-surface  which  is  supposed  to  roll 
and  in  fig.  82  let  I  T  be  the  perpendicular  distance  of  the  point  o 
contact  from  the  instantaneous  axis;  then  the  relative  velocity  o 
aliding  is 

c-IT (2.) 

The  values  of  the  resultant  angular  velocity  c  (as  has  beei 
shown  in  the  previous  Articles,  already  referred  to)  are,  for  paralle 
axes  in  outside  gearing,  c  =  ax  +  a2;  for  parallel  axes  in  insid< 
gearing,  c  =  ax  —  o2;  and  for  intersecting  axes,  the  diagonal  of  i 
parallelogram,  of  which  ax  and  a2  are  the  sides. 

While  the  point  of  contact,  T,  is  advancing  towards  the  pitch 
point  I,  the  roots  of  the  teeth  are  sliding  towards  each  other;  an< 
this  relative  motion  is  called  the  approach. 

The  relative  velocity  gradually  diminishes  as  the  approach  goe: 
on,  and  vanishes  at  the  instant  when  IT  =  0;  that  is,  when  tin 
point  of  contact  coincides  with  the  pitch-point;  so  that  at  tlm 
precise  instant  the  pair  of  teeth  are  in  rolling  contact. 

After  the  point  of  contact  has  passed  the  pitch-point,  the  roots  o 
the  teeth  are  sliding  away  from  each  other  with  a  gradually 
increasing  relative  velocity;  and  this  relative  motion  is  called  tin 
recess. 

During  the  approach  the  flank  of  the  driver  drives  the  face  o 
the  follower;  during  the  recess  the  face  of  the  driver  drives  tin 
flank  of  the  follower. 

The  extent  oftJie  sliding  motion  of  a  pair  of  teeth  is  equal,  during 
the  approach,  to  the  excess  of  the  length  of  the  face  of  the  drivei 
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tooth  above  the  length  of  the  flank  of  the  driving  tooth ;  and  during 
the  recess,  to  the  excess  of  the  length  of  the  face  of  the  driving 
tooth  above  the  length  of  the  flank  of  the  driven  tooth. 

The  path  of  contact  is  the  line  traversing  the  various  positions 
of  the  point  of  contact,  T  (fig.  82,  page  115).  If  the  line  of  con- 
nection preserves  always  the  same  position,  the  path  of  contact 
coincides  with  it,  and  is  straight;  in  other  cases  the  path  of  contact 
k curved. 

It  is  divided  by  the  pitch-point  I  into  two  parts :  the  path  of 
approach,  described  by  T  in  approaching  the  pitch-point;  and 
the  patfi  of  recess,  described  by  T  after  having  passed  the  pitch- 
point 

The  path  of  contact  is  bounded  where  the  approach  commences 
by  the  addendum-line  of  the  follower;  and  where  the  recess  ter- 
minates, by  the  addendum -line  of  the  driver.  The  length  of  the 
path  of  contact  must  be  such  that  there  shall  always  be  at  least 
one  pair  of  teeth  in  contact;  and  it  is  better  still,  when  practicable, 
to  make  it  so  long  that  there  shall  always  be  at  least  two  pairs  of 
teeth  in  contact;  but  this  is  not  always  possible. 

128.  Arc  of  contact.  (A.  J/.,  454.) — The  arc  of  contact  on  a 
pitch-line  is  that  part  of  the  pitch-line  which  passes  the  pitch-point 
during  the  action  of  one  given  tooth  with  the  corresponding  tooth 
of  the  other  wheel. 

In  order  that  one  pair  of  teeth  at  least  may  be  in  action  at 
each  instant,  the  length  of  the  arc  of  contact  must  be  greater  than 
tliepitcli;  and  when  practicable,  it  should  be  double  t/ie  pitch,  in 
order  that  two  pairs  of  teeth,  at  least,  may  be  in  action  at  each 
instant;  but  this  is  not  always  practicable;  and  the  most  common 
values  are  from  1  *4  to  1  -8  times  the  pitch.  It  is  divided  by  the 
front  of  the  tooth  to  which  it  belongs  into  two  parts :  the  arc  of 
approach,  lying  in  advance  of  the  front  of  the  tooth ;  and  the  arc  of 
recess,  lying  behind  the  front  of  the  tooth.  It  is  usual  to  make 
the  arcs  of  approach  and  of  recess  of  equal  length  ;  and  in  that 
case  each  of  them  must  be  greater  than  half  the  pitch,  and  should, 
if  practicable,  be  made  equal  to  the  pitch.  For  a  given  pitch-line, 
and  a  given  pitch  and  figure  of  tooth,  the  length  of  those  arcs 
depends  on  the  addendum,  in  a  manner  to  be  afterwards  described. 

129.  obliquity  of  Action. — The  obliquity  of  action  of  a  pair  of 
teeth  is  the  angle  which  the  line  of  connection  makes  at  any 
instant  with  a  tangent  plane  to  the  t\vt>  pitch -surfaces ;  for  ex- 
ample, in  fig.  82,  page  115,  the  complement  of  the  angle  at  L 
When  the  path  of  contact  is  a  straight  line,  coinciding  at  every 
instant  with  the  line  of  connection,  the  obliquity  is  constant;  in 
other  cases  it  is  variable ;  and  its  mode  of  variation  is  usually  such 
that  it  diminishes  during  the  approach,  and  increases  again  during 
recess.     In  a  dynamical  point  of  view,  it  is  advantageous  to  make 
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the  obliquity  as  small  as  possible ;  and,  on  the  other  hand,  there  is 
a  connection  between  the  obliquity  of  action  and  the  number  of 
teeth  which  makes  it  impracticable  to  use  pinions  of  fewer  than  a 
certain  number  of  teeth  with  less  than  a  certain  maximum  obliquity 
of  action.  Mr.  Willis,  from  an  examination  of  the  results  of 
ordinary  practice,  concludes  that  the  best  value  on  the  whole  for 
the  mean  obliquity  of  action  in  toothed  gearing  is  between  14°  and 
15°.  Such  an  angle  may  be  easily  constructed  by  drawing  a  right- 
angled  triangle  whose  three  sides  bear  to  each  other  the  proportion 
of  the  numbers 

65  :  63  :  16; 

when  the  required  angle  will  lie  opposite  to  the  shortest  side  of  the 
triangle.     The  values  of  its  chief  trigonometrical  functions  are — 

sine, 16  -*-  65  =  0-2461538,  nearly. 

cosine, 63  +  G5  =  0-9692308,  nearly. 

tangent, 16  +  63  =  0-2539683,  nearly. 

cosecant, 65  +  16  =  4-0625. 

cotangent, 63  +  16  =  3-9375. 

The  corresponding  angle  is  14°  15';  being  a  little  less  than  one-25tb 
part  of  a  revolution. 

130.  The  Teeth  «r  8»ur-WheeU  and  Backs  have  acting  surfaces 
of  the  class  called  cylindrical  surfaces,  in  the  comprehensive  sense  of 
that  term ;  and  their  figures  are  designed  by  drawing  the  traces  of 
their  surfaces  on  a  plane  perpendicular  to  the  axes  of  the  wheels 
(or,  in  the  case  of  a  rack,  to  the  axis  of  the  wheel  that  is  to  gear 
with  the  rack);  which  plane  contains  the  pitch-lines  and  the  line  of 
connection,  and  may  be  represented  by  the  plane  of  the  paper  in  fig. 
82t  page  115.  The  path  of  contact,  also,  is  situated  in  the  same 
plane ;  and  the  angle  of  obliquity  of  action  is  at  each  instant  equal 
to  the  angle  I C  P,  which  the  common  perpendicular,  C  P,  of  the  line 
of  connection  and  one  of  the  axes  makes  with  the  line  of  centres, 
Cx  I  Cg.  Because  of  the  comparative  simplicity  of  the  rules  for 
drawing  the  figures  of  the  teeth  of  spur-wheels,  those  rules  are  used, 
with  the  aid  of  certain  devices  to  be  afterwards  described,  for 
drawing  the  figures  of  the  teeth  of  bevel  wheels  and  skew-bevel 
wheels  also. 

131.  Iarelale    Teeth    fer    Circnlar   Wheel*.   (A.    M.,  457.) — The 

simplest  of  all  forms  for  the  teeth  of  circular  wheels  is  that  in 
which  the  path  of  contact  is  a  straight  line  always  coinciding  with 
the  line  of  connection,  which  makes  a  constant  angle  with  the  lino 
of  centres,  and  is  inclined  at  a  constant  angle  of  obliquity  to  the 
common  tangent  of  the  pitch-lines. 

In  fig.  84,  let  Cv  Cp  be  the  centres  of  two  circular  wheels,  whose 
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Fig.  84. 


pitch-circles  are  marked  B1,  B«.     Through  the  pitch- point  I  draw 
the  intended  line  of  connection,  Px  P2,  making,  with  the  line  of 
centres,  the  angle  C  IP  =  the  complement 
of  the  intended  obliquity. 

From  C.  and  C2  draw  Cx  Pj  and  C2  P2 
per])endicular  to  P,  P2,  with  which  two  per- 
pendiculars as  radii  describe  circles  (called 
bate-circles)  marked  Dv  DT  Tf- 

Suppose  the  base-circles  to  be  a  pair  of 

circular  pulleys,  connected  by  means  of  a 

cord  whose  course  from  pulley  to  pulley  is 

Pj  1  Pj.     As  the  line  of  connection  of  those 

pulleys  is  the  same  with  that  of  the  proposed 

teeth,  they  will  rotate  with  the  required 

velocity-ratio.    Now,  suppose  a  tracing  point, 

T,  to  be  fixed  to  the  cord,  so  as  to  be  carried 

along  the  path  of  contact,  P2  I  Pg.     That 

point  will  trace,  on  a  plane  rotating  along 

with  the  wheel  1,  part  of  the  involute  of  the  base-circle  Dv  and 

on  a  plane  rotating  along  with  the  wheel  2,  part  of  the  involute 

of  the  base-circle  D2,  and  the  two  curves  so  traced  will  always  cut 

the  line  of  connection  at  right  angles,  and  touch  each  other  in  the 

required  point  of  contact  T,  and  will  therefore  fulfil  the  condition 

required  by  Article  122,  page  114.     The   teeth   thus  traced  are 

called  Involute  TeeUi. 

All  involute  teeth  of  the  same  pitch  work  smoothly  together. 

The  following  is  the  process  by  which  the  figures  ot  involute 
teeth  are  to  be  drawn  in  practice : — 

In  ^g.  85,  let  C  represent  the  centre  of  the  wheel,  I  the  pitch- 
point,  C  I  the  geometrical  radius,  BIB  the  pitch-circle,  and  let 
the  intended  angle  of  obliquity  of  action  be  given,  and  also  the 
pitch.  (In  the  example  represented  by  the  figure,  the  obliquity  is 
supposed  to  be  14^°,  as  stated  in  Article  121),  page  120;  and  the 
wheel  has  30  teeth.)     Then  proceed  by  the  following  rules:  — 

I.  To  draw  Hie  base-circle  and  tJie  line  of  connection.  About  C, 
with  the  radius  C  P  =  C  I  x  cosine  of  obliquity  (that  is  to  say,  in 

the  present  example,  ^r  C  I),  draw  a  circle,  D  PDj  this  is  the 
base-circle.  Then  about  I,  with  a  radius  IP  =  CI  x  sine  of 
obliquity  (that  is  to  say,  in  the  present  example,  —  C  I),  draw  a 

short  circular  arc,  cutting  the  base-circle  in  P.  Draw  the  straight 
line  P  F  I  E;  this  will  be  the  line  of  connection ;  and  it  will  touch 
the  base-circle  at  P. 

TL  To  find  Hie    normal  pitch,   t/te  addendum,  and  the  real 
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nulius,  and  to  draw  the  addendum-circle  and  the  flank-circle.     At 
tho  pitch-poiut,  I,  draw  the  sti-aight  line  I  A,  touching  the  pitch- 


Fig.  85. 


circle,  and  lay  off  upon  it  the  length  I  A  equal  to  the  pitch. 
From  A  let  fall  A  E  ]>erpendicular  to  I  E  Then  I  E  will  be 
what  may  be  called  the  normal  pitch,  being  the  distance,  as  mea- 
sured along  the  line  of  connection,  from  the  front  of  one  tooth  to 
the  front  of  the  next  tooth. 

The  normal  pitch  is  also  the  pitch  on  tlte  base-circle;  that  is,  the 
distance,  as  measured  on  the  base-circle,  between  the  front  of  one 
tooth  and  the  front  of  the  next. 

The  ratio  of  the  normal  pitch  of  involute  teeth  to  the  circular 
pitch  is  equal  to  the  ratio  of  the  radius  of  the  base-circle  to  that  of 
the  pitch-circle ;  that  is  to  say, 

I  E       C  P  .        ,   ...     .h     (       63 

_    -  =  tt-v  =  cosine  of  obliquity  (   -    - 
I  A       C  I  ^     J  \       bo 


nt  example). 


IBTOLDTK  TEETH — RULES  FOR  DRAWING.  123 

In  order  that  two  pairs  of  teeth  at  least  may  always  be  in  action, 
the  are  of  contact  is  to  consist  of  two  halves,  each  equal  to  the  pitch 
(see  Article  128,  page  119).  Lay  off  on  the  line  of  connection, 
E  P,  the  distance  I  F  =  I  R  Then  E  F  will  be  the  path  of  con- 
tad  (Article  127,  page  119),  consisting  of  two  halves,  each  equal  to 
the  normal  pitch. 

Draw  the  straight  line  C  E;  this  will  be  the  real  radius,  and 
the  circle  E  G  G\  drawn  with  that  radius,  will  be  the  addendum- 
circle,  which  all  the  crests  of  the  teeth  are  to  touch.  Then,  with 
the  radius  C  F,  draw  the  circle  F  H  (marked  with  dots  in  the 
figure) ;  this  may  be  called  the  flank-circle,  for  it  marks  the  inner 
ends  of  the  flanks  of  all  the  teeth. 
The  addendum  is  C  E  —  C  I. 

IIL  To  draw  Oie  root  circle;  that  is,  the  circle  which  the 
bottoms  of  all  the  hollows  between  the  teeth  (or  clearing  curves,  as 
they  are  called)  are  to  touch.  First  find,  by  drawing  or  by  calcula- 
tion, the  greatest  addendum  of  any  wheel  with  which  the  given  wheel 
may  have  to  gear;  that  is,  the  addendum  of  the  smallest  practicable 
pinion  of  the  same  pitch  and  obliquity ;  that  is,  the  addendum  of  a 
pinion  in  which  the  pitch  subtends  at  the  centre  an  angle  approxi- 
mately equal  to  the  obliquity.  With  the  obliquity  already  stated, 
such  a  pinion  has  25  teeth.  To  find  the  addendum  of  such  a 
pinion  by  drawing: — Through  F,  parallel  to  P  C,  draw  F  L,  as 
cutting  I  C  in  L.  Join  L  E;  then  L  E  -  L  I  will  be  the  required 
greatest  addendum.  To  find  the  greatest  addendum  by  calculation, 
let  $  denote  the  obliquity,  and  p  the  pitch ;  then 

L  E  -  L  I  =  p  cotan  p  i  J  (3  sin2?  +  1)  -  1  1 . 

With  the  angle  of  obliquity  already  stated,  this  gives 

L  E  -  L  I  =  0-343  p,  very  nearly; 

and  this  is  the  origin  of  the  value  0*35  p,  which  is  very  commonly 
used  for  the  addendum  of  teeth. 

To  the  greatest  addendum,  thus  found,  add  a  suitable  allowance 
for  clearance  (Article  12o,  page  116),  and  lay  off  the  sum  I  K 
inwards  from  the  pitch-circle  along  the  radius.  Then  C  K  will 
be  the  radius  of  the  required  root-circle. 

IV.  To  draw  the  traces  of  tlte  teeth.  Mark  the  pitch-points  of 
the  fronts  of  the  teeth  (I,  I',  &c),  according  to  the  principles  of 
Article  121,  page  113,  and  those  of  their  backs,  by  laying  off  a 
suitable  thickness  on  the  pitch-circle  (see  Article  125,  page  116). 
Obtain  a  "templet"  or  thin  flat  disc  of  wood  or  metal,  having  its 
edge  accurately  shaped  to  the  figure  of  the  base-circle.  Such  a 
templet  is  represented  in  plan  by  C  D  D,  fig.  86,  and  in  elevation 


124 


GEOMETRY  OF  MACHINERY. 


by  D'  D'.     A  piece  of  watch-spring,  marked  P  M  in  plan,  and  P  M' 
in  elevation,  is  to  have  its  edges  tiled  so  as  to  leave  a  pair  of  shaip 


H' 


1>'  V 


Fig.  86. 

projecting  tracing-points,  marked  T',  t,  in  elevation,  and  T  in  plan. 
One  end  of  that  spring,  P,  F,  is  to  have  a  round  hole  drilled  in  it, 
and  to  be  fixed  to  the  middle  of  the  edge  of  the  templet  by  means 
of  a  screw,  about  which  the  spring  is  to  be  free  to  turn ;  and  the 
other  end,  M,  M',  is  to  be  fitted  with  a  knob  to  hold  it  by.  Place 
the  templet  on  the  drawing  (or  pattern,  as  the  case  may  be),  so 
that  C  shall  coincide  with  the  centre  of  the  wheel,  and  D  D  with 
the  base-circle;  and  also  so  that  the  lower  of  the  two  tracing-points, 
when  the  spring  is  moved  to  and  fro,  shall  pass  through  the  pitch- 
point  of  a  tooth ;  then  that  tracing-point  will  draw  the  trace  of  the 
front  of  the  tooth ;  and  by  turning  the  templet  about  C,  and  repeat- 
ing the  process,  the  traces  of  the  fronts  of  any  required  number  of 
teeth  may  be  drawn. 

To  draw  the  traces  of  the  backs  of  the  teeth,  the  position  of  the 
spring  relatively  to  the  templet  is  to  be  reversed,  by  turning  it 
about  the  screw  at  P,  so  as  to  use  the  tracing-point  that  was 
previously  uppermost 

The  distance,  P  T,  from  the  screw  to  the  tracing-points  should 
not  be  less  than  twice  the  normal  pitcli. 

V.  The  Clearing  Curves  are  the  traces  of  the  hollows  which  lie 
inside  the  flank-circle,  F  H,  fig.  85.  Their  side  parts  ought  to  bo 
tangents  to  the  inner  ends  of  the  flanks  of  the  teeth  (at  F  and  H, 
for  example),  and  their  bottom  parts  ought  to  coincide  with  the 
root-circle  through  K.  Those  different  parts  may  be  joined 
to  each  other  by  means  of  small  circular  arcs.  In  connection 
with  the  figures  of  the  side  parts  of  those  clearing  curves,  it  may 
be  observed,  that  F  L  is  a  tangent  to  the  inner  end  of  the  flank 
I'  F,  and  therefore  to  the  clearing  curve  at  that  point ;  and  that 
its  to  the  inner  ends  of  other  flanks  may  be  drawn  by  re- 
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Fig.  87. 


peating  the  process  by  which  F  L  is  drawn,  or  by  the  following 
process: — About  C,  with  the  radius  C  N  =  P  F,  draw  a  circle; 
F  L  N  will  be  a  straight  tangent  to  that  circle;  and  so  also  will 
all  the  taugents  to  the  tlanks  at  their  inner  ends.  Therefore,  from 
the  inner  ends  of  all  the  flanks,  both  front  and  back,  draw  straight 
lines  touching  the  circle  C  N,  and  so  placed  that  the  straight  lines 
from  the  front  and  back  flanks  of  the  same  tooth  shall  not  cross 
each  other;  these  lines  will  show  the  proper  positions  for  the  side 
parts  of  the  clearing  curves.  When  the  flank-circle  coincides  with 
the  base-circle  (as  in  the  smallest  pinion  of  a  given  pitch),  the  side 
parts  of  the  clearing  curves  coiucide  with  the  radii  drawn  from 
the  centre  C  to  the  inner  ends  of  the  flanks. 

132.  involute  Teeth  for  Back*.— The  following  is  the  process  of 
designing  the  teeth  of  a  straight  rack  which  is  to  gear  with  an 
involute-toothed  wheel  of  a  given  pitch  and  a  given  obliquity : — In 
%.  87,  let  A  B  be  the  pitch-line  of  the  rack,  and  let  A  I  =  1 1'  be 
the  pitch.    Layoff  AIE 
=  the  given  angle  of  ob- 
liquity, and  from  A  let 
fall  A  E  perpendicular  to 
I  £;   then  I  E  will  be 
the  normal  pitc/i;  further, 
if  the  path  of  contact  is 
to  consist  of  two   halves,  each  equal  to   half  the  normal  pitch, 
I  E  will  be  one  of  those  halves;   then   in   E  I   produced  make 
I  F  =  I  E,  and  I  F  will  be  the  other  half  of  the  path  of  con- 
tact    Through  E,  parallel  to  A  B,  draw  EGG';   this  will  be 
the  addendum  line;    through  F,   parallel  to   B  A,  draw  F  H; 
this  will  be  the  flank-line,  marking  the  inner  ends  of  the  acting 
surfaces  of  the  teeth.     Perpendicular  to  A  B  draw  I  K,  equal  to 
the  greatest  addendum  in  the  set  of  wheels  of  the  given  pitch  and 
obliquity  with  an  allowance  for  clearance  added,  as  in  Rule  III. 
of  Article  131,  page  123;  through  K,  parallel  to  A  B,  draw  a 
straight  line;  this  will  be  the  root-line,  with  which  the  bottoms  of 
all  the  hollows  between  the  teeth  are  to  coincide. 

The  traces  of  the  fronts  of  the  teeth  are  straight  lines  perpen- 
dicular to  E  F,  and  the  fronts  themselves  are  planes  perpendicular 
to  E  F.  The  backs  of  the  teeth  are  planes  inclined  at  the  same 
angle  to  A  B  in  the  contrary  direction. 

133.    Peculiar  Properties  of  Involnte  Teeth. — Involute  teeth  have 

some  peculiar  properties  not  possessed  by  teeth  of  other  figures. 

I.  Sets  of  involute  teeth  have  a  definite  and  constant  normal 
pitch;  beiug,  as  already  explained,  the  distance  between  the  fronts 
of  successive  teeth,  measured  on  the  path  of  contact,  or  on  the 
circumference  of  the  base-circle;  and  all  wlieels  and  racks  with* 
involute  teeth  oj  the  same  normal  pitch  gear  correctly  witli  eacli  otfier. 
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IL  The  length  of  the  line  of  centres,  or  perpendicular  distance 
between  the  axes,  of  a  pair  of  wheels  with  involute  teeth  of  the 
same  normal  pitch,  or  the  perpendicular  distance  from  the  axis  of 
a  wheel  with  involute  teeth  to  the  addendum-line  of  a  rack  with 
which  it  gears,  may  be  altered;  and  so  long  as  the  wheels,  or  wheel 
and  rack,  are  sufficiently  near  together  to  make  the  path  of  contact 
longer  than  the  normal  pitch,  and  sufficiently  far  asunder  for  the 
crests  of  each  set  of  teeth  to  clear  the  hollows  between  the  teeth 
of  the  other  set,  the  wheels,  or  the  wheel  and  rack,  will  continue 
to  work  correctly  together,  and  to  preserve  their  velocity-ratio; 
although,  in  the  case  of  a  pair  of  wheels,  the  pitch-lines,  the  pitch 
as  measured  on  the  pitch-lines,  and  the  obliquity,  will  all  be  altered 
when  the  length  of  the  line  of  centres  is  altered.  In  other  words, 
the  velocity-ratio  of  a  pair  of  wheels  with  involute  teeth  of  the 
same  normal  pitch  is  the  reciprocal  of  the  ratio  of  the  radii  of  their 


Hg.  88. 

base-circles,  and  depends  on  this  ratio  alone;  and  the  velocity-ratio 
of  a  wheel  and  rack  with  involute  teeth  of  the  same  normal  pitch 
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depends  solely  on  the  radius  of  the  base-circle  of  the  wheel  and 
on  the  angle  of  obliquity  of  the  line  of  connection. 

Another  way  of  stating  this  property  of  involute  teeth  is,  that 
the  pitch-Hues  .of  wheels  and  racks  with  such  teeth  are  arbitrary  to 
an  extent  limited  only  by  the  necessity  of  having  a  path  of  contact 
of  a  certain  length. 

One  practical  result  of  this  is  (as  Mr.  Willis  first  pointed  out), 
that  the  back-fash  of  involute  teeth  is  variable  at  will,  being  capable 
of  being  increased  or  diminished  by  moving  the  wheels,  or  the  wheel 
and  rack,  farther  from  or  nearer  to  each  other,  and  may  thus  be 
adjusted  so  as  to  be  no  greater  than  is  absolutely  necessary  in  order 
to  prevent  jamming  of  the  teeth — a  property  not  possessed  by  teeth 
of  any  other  figure. 

III.  Given  (in  1ig.  88),  Hue  centres,  C,  C,  ike  base-circles,  D  D, 
If  L>,  and  the  addendum-circles,  A  A,  A'  A',  of  a  pair  of  spur- 
wheels  with  involute  tectfi  of  a  given  normal  pitcJt,  to  find  tJic  line  of 
connection,  the  pitch-point,  the  pitch-circles,  the  pitch  on  the  pitch- 
circles,  and  the  path  of  contact. 

Draw  a  common  tangent,  P  P,  to  the  two  base-circles  in  such  a 
position  as  to  run  from  the  driver  to  the  follower  in  the  direction 
of  motion.  That  common  tangent  will  be  the  Hue  of  connection : 
the  point  I,  where  it  cuts  the  line  of  centres,  will  be  the  pitch-point: 
two  circles,  15  B  and  B'  B',  described  about  C  and  O  respectively, 
and  touching  each  other  in  I,  will  be  the  pitch-circles:  the  pitch 
on  the  pitch-circles  wiU  be  greater  than  the  normal  pitch  in  the 

C  I       CI 
ratio  7^-^  =  n,  -p, ;  and  the  part  E  E'  of  the  line  of  connection  which 

lies  between  the  two  addendum-circles  will  be  the  path  of  contact. 
IV.  Given  (in  fig.  89),  the  centre,  C,  the  base  circle,  D  D,  and  the 
addendum-circle,  A  A,  of  a  spur-wheel  with  involute  teeth  of  a  given 


Fig.  89. 

normal  pitch;  also  the  pitch-line,  B'  T&,  and  the  addendum-line,  A'  A\ 
of  a  rack  which  is  to  have  involute  teeth  of  the  same  normal  pi(c/t;  to 
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find  the  pitch-point,  the  pitch-circle  of  the  wheel,  the  line  of  connection, 
the  pitcfi,  as  measured  on  the  pitch-lines,  tJie  path  of  contact,  and  tlte 
position  of  tlie  fronts  of  the  teetJi  oftfie  rack. 

From  C  let  fall  C  I  perpendicular  to  B'  B' ;  then  I  will  be  the 
pitch-point;  and  a  circle,  B  B,  of  the  radius  C  I,  will  be  the  pitch- 
circle  of  the  wheel.  From  I  draw  I  P,  touching  the  base-circle 
D  D;  I  P  will  be  the  line  of  connection.  The  pitch,  as  measured 
on  the  pitch-lines,  will  be  greater  than  the  normal  pitch,  in  tho 

C  I 
ratio  ~-=  of  the  radius  of  the  pitch-circle  to  that  of  the  base-circle. 

The  path  of  contact  will  be  the  part  E  E'  of  the  line  of  connection, 
which  is  contained  between  the  addendum-line  of  the  rack,  A'  A', 
and  the  addendum-circle  of  the  wheel,  A  A.  The  fronts  of  the 
teeth  of  the  rack  are  to  be  planes  perpendicular  to  I  P,  or,  in  other 
words,  parallel  to  P  C. 

V.  By  the  application  of  the  preceding  principles,  two  or  more 
wheels  of  different  numbers  of  teeth,  turning  about  one  axis,  can 
be  made  to  gear  correctly  with  one  wheel  or  with  one  rack ;  or  two 
or  more  parallel  racks,  with  different  obliquities  of  action,  may  be 
made  to  gear  correctly  with  one  wheel,  the  normal  pitches  in  each 
case  being  the  same ;  and  thus  differential  movements  of  various  sorts 
may  be  obtained.     This  is  not  possible  with  teeth  of  any  other  form. 

The  obliquity  of  the  action  of  involute  teeth  is  by  many  con- 
sidered an  objection  to  their  use;  and  that  is  the  reason  why, 
notwithstanding  their  simplicity  and  their  other  advantages,  they 
are  not  so  often  used  as  other  forms.  In  anticipation  of  the  subject 
of  the  dynamics  of  machinery  it  may  be  stated,  that  the  principal 
effect  of  the  obliquity  of  the  action  of  involute  teeth  is  to  increase 
the  pressure  exerted  between  the  acting  surfaces  of  the  teeth,  and 
also  the  pressure  exerted  between  the  axles  of  the  wheels  and  their 
bearings,  nearly  in  the  ratio  in  which  the  radius  of  the  pitch-circle 
of  each  wheel  is  greater  than  the  radius  of  the  base-circle,  and  that 
a  corresponding  increase  of  friction  is  produced  by  that  increase  of 
pressure.     In  the  example  of  Article  131,  that  ratio  is  65  :  63. 

134.  Teeth  for  a  Given  Path  of  Contact— In  the  three  pre- 
ceding Articles  the  forms  of  the  teeth  are  found  by  assuming  a 
figure  for  the  path  of  contact — viz.,  the  straight  line.  Any  other 
convenient  figure  may  be  assumed  for  the  path  of  contact,  and  the 
corresponding  forms  of  the  teeth  found,  by  determining  what 
curves  a  point  moving  along  the  assumed  path  of  contact  will  trace 
oti  two  discs,  rotating  round  tho  centres  of  the  wheels  with  angular 
velocities,  which  bear  that  relation  to  the  component  velocity  of  the 
tracing-point  along  the  line  of  connection  which  is  given  by  the 
principles  of  Article  127,  page  118.  This  method  of  finding  the 
forms  of  the  teeth  of  wheels  is  the  subject  of  an  interesting  treatise 
by  Mr.  Edward  Sang. 
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All  wheels  having  teeth  of  the  same  pitch,  traced  from  the  same 
path  of  contact,  work  correctly  together,  and  are  said  to  belong  to 
the  same  set 

135.  Teeth  Traced  »y  Boiling  Carre*.     (A.  M.t  452.) — From  the 

principles  of  Articles  122  and  123,  pages  1 14, 1 15,  it  appears  that  at 
every  instant  the  position  of  the  point  of  contact,  T,  of  the  acting 
wir&ces  of  a  pair  of  teeth  (fig.  82,  page  115),  and  the  corresponding 
position  of  the  pitch-point  I  in  the  pitch-lines  of  the  wheels  to 
which  those  teeth  belong,  are  so  related,  that  the  line,  I  T,  which 
joins  them,  is  normal  to  the  surface  of  each  of  the  teeth  at  the  point 
T.  Now  this  is  the  relation  which  exists  between  the  tracing- 
point  T,  and  the  instantaneous  axis  or  line  of  contact  I,  in  a  rolling 
curve  of  such  a  figure,  that,  being  rolled  upon  the  pitch-line,  its 
tracing-point  T  traces  the  outline  of  a  tooth.  (As  to  rolling 
curves  and  rolled  curves,  see  Articles  72,  74,  75,  77,  78,  79,  pages 
ol  to  62.) 

In  order  that  a  pair  of  teeth  may  work  correctly  together,  it  is 
necessary  and  sufficient  that  the  instantaneous  normals  from  the 
pitch-point  to  the  acting  surfaces  of  the  two  teeth  should  coincide 
at  each  instant ;  and  this  condition  is  fulfilled  if  His  outlines  of  the 
two  teetfi  be  traced  by  the  motion  of  ike  same  tracing-point,  in  rolling 
the  same  rolling  curve  on  the  same  side  of  the  pitch-lines  of  the  respec- 
tive wheels. 

The  flank  of  a  tooth  is  traced  while  the  rolling  curve  rolls  inside 
of  the  pitch-line;  the  face,  while  it  rolls  outside. 

To  illustrate  this  more  fully,  the  following  explanation  is  quoted 
from  the  Article  "Mechanics  (Applied)"  in  the  Encyclopaedia  Brit- 
annica(see  fig.  90): — "If  any 
curve,  It,  be  rolled  on  the  in- 
side of  the  pitch-line,  B  B,  of 
a  wheel,  the  instantaneous 
axis  of  the  rolling  curve  at 
any  instant  will  be  at  the 
point  I,  where  it  touches  the 
pitch-line  for  the  moment; 
and  consequently  the  line 
A  T,  traced  by  a  tracing- 
point  T,  fixed  to  the  rolling 
curve,  will  be  everywhere  perpendicular  to  the  straight  line  T  I;  so 
that  the  traced  curve  A  T  will  be  suitable  for  the  flank  of  a  tooth, 
in  which  T  is  the  point  of  contact  corresponding  to  the  position  I 
of  the  pitch-point.  If  the  same  rolling  curve  R,  with  the  same 
tracing-point  T,  be  rolled  on  the  outside  of  any  other  pitch-line,  it 
will  trace  the  face  of  a  tooth  suitable  to  work  with  the  flank 
AT. 

"In  like  manner,  if  either  the  same  or  any  other  rx>\Wn£  c\\xn* 

K 


Fig.  90. 
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K'  be  rolled  the  opposite  way,  on  the  outside  of  the  pitch-line  B  B, 
bo  that  the  tracing-point  T'  shall  start  from  A,  it  will  trace  the 
face  A  T  of  a  tooth  suitable  to  work  with  &  flank  traced  by  rolling 
the  same  curve  B'  with  the  same  tracing-point  T  inside  any  other 
pitch-line. 

"  The  figure  of  the  path  of  contact  is  that  traced  on  a  fixed  plane 
by  the  tracing-point,  when  the  rolling  curve  is  rotated  in  such  a 
manner  as  always  to  touch  a  fixed  straight  line  E  I  E  (or  E'  I'  E', 
as  the  case  may  be)  at  a  fixed  point  I  (or  I'). 

"If  the  same  rolling  curve  and  tracing-point  be  used  to  trace 
both  the  faces  and  the  flanks  of  the  teeth  of  a  number  of  wheels  of 
different  sizes,  but  of  the  same  pitch,  all  those  wheels  will  work 
correctly  together,  and  will  form  a  set.  The  teeth  of  a  rack  of  the 
same  set  are  traced  by  rolling  the  rolling  curve  on  both  sides  of  a 
straight  line. 

"The  teeth  of  wheels  of  any  figure,  as  well  as  of  circular  wheels, 
may  be  traced  by  rolling  curves  on  their  pitch-lines ;  and  all  teetli 
of  the  same  pitch,  traced  by  the  same  rolling  curve  with  the  same 
tracing-point,  will  work  together  correctly  if  the  pitch-surfaces  are 
in  rolling  contact" 

Involute  teeth  themselves  might  be  traced  by  rolling  a  logarith- 
mic spiral  on  the  pitch-circle ;  but  it  is  unnecessary  to  explain  this 
in  detail,  as  the  ordinary  method  of  tracing  them  is  much  more 
simple. 

136.  Epicycloids!  Teeth  in  General. — For  tracing  the  figures  of 
teeth,  the  most  convenient  rolling  curve  is  the  circle.  The  path  of 
contact  which  a  point  in  its  circumference  traces  is  identical  with 
the  circle  itself;  the  flanks  of  the  teeth  for  circular  wheels  are  inter- 
nal epicycloids,  and  their  faces  external  epicycloids,  and  both  flanks 
and  faces  are  cycloids  for  a  straight  rack.  (See  Article  74,  page 
53,  and  Article  77,  page  5Q.) 

Wheels  of  the  same  pitch,  with  epicycloidal  teeth  traced  by  the 
same  rolling  circle,  all  work  correctly  with  each  other,  whatsoever 
may  be  the  numbers  of  their  teeth ;  and  they  are  said  to  belong  to 
tlie  same  set. 

For  a  pitch-circle  of  twice  the  radius  of  the  rolling  or  describing 
circle  (as  it  is  called),  the  internal  epicycloid  is  a  straight  line, 
being  a  diameter  of  the  pitch-circle ;  so  that  the  flanks  of  the  teeth 
for  such  a  pitch-circle  are  planes  radiating  from  the  axis.  For  a 
smaller  pitch-circle,  the  flanks  would  be  convex,  and  incurved  or 
under-cut,  which  would  be  inconvenient;  therefore  the  smallest 
wheel  of  a  set  should  have  its  pitch-circle  of  twice  the  radius  of  the 
describing  circle,  so  that  the  flanks  may  be  either  straight  or 
concave. 

In  fig.  91,  let  B  B  be  the  pitch-circle  of  a  wheel,  C  C  the  line  of 
I  the  pitch -point,  B  the  internal  describing  circle,  and  B? 
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the  external  describing  circle,  so  placed  as  to  touch  the  pitch-circle 

and  each  other  at  I;  let  E  E  be  a  straight  tangent  to  the  pitch- 
circle  at  the  pitch-point;  and  let  T  I  T  be  the  path  of  contact, 

consisting  of  the  path  of  approach,  T  I, 

and  the  path  of  recess,  I  T.     Each 

of  those  arcs  should  be  equal  to  the 

pitch    when    practicable,    in    order 

that  there  may  be  always  at  least  two 

pairs  of  teeth  in  action ;  but  this  is 

not  always  j»ossiblo;  and  the  length  b- 

of  each  of  them  in  many  cases  is  only  B 

from  0-7  to  09  of  the  pitch,  being   * 

regulated  by  the  customary  practice 

of  making  the  addendum  from  0*3  to 

0-35  of  the  pitch. 

The  real  radius  of  the  wheel  is 
the  distance  from  its  centre  to  the 
point  T,  at  the  outer  end  of  the  face 
of  a  tooth ;  the  dotted  circle  travers- 
ing T'  is  the  addendum-circle,  and  the  perpendicular  distance 
from  T  to  the  pitch-circle  B  B  is  the  addendum. 

The  flank-circle  is  a  circle  described  about  the  centre  of  the 
wheel,  and  traversing  the  point  T ;  and  the  clearing  curves  (as  in 
the  case  of  involute  teeth,  Article  131,  Rule  V.,  page  124)  must 
have  a  depth  sufficient  to  clear  the  greatest  addendum  given  to  the 
teeth  of  any  one  of  the  set  of  wheels  that  are  capable  of  gearing 
with  the  wheel  under  consideration. 

In  passing  the  line  of  centres,  the  line  of  connection  coincides  with 
the  tangent  E  E,  and  the  obliquity  is  nothing.  The  greatest  angle  of 
obliquity  of  action  is,  during  the  approach,  E  I  T,  and  during  the 
recess  E  I  T";  and  the  mean  angles  of  obliquity  during  the  approach 
and  recess  are  the  halves  of  those  greatest  angles  respectively.  From 
the  results  of  practical  experience,  Mr.  Willis  deduces  the  rule  that 
the  mean  obliquity  should  not  exceed  15\  or  one-twenty-fourth  of 
a  revolution ;  therefore  the  maximum  obliquity  should  not  exceed 
30°,  or  one-twelfth  of  a  revolution ;  therefore  the  arcs  I  T  and  I  T* 
should  neither  of  them  in  any  case  exceed  one-sixth  of  the  circum- 
ference of  the  describing  circles  to  which  they  respectively  belong ; 
from  which  it  follows,  that  if  either  of  those  arcs  is  to  be  equal  to 
the  pitch,  the  circumference  of  the  describing  circle  ought  not  to  be 
less  than  six  times  tlte  pitch;  therefore  the  smallest  pinion  of  a  set 
should  have  twelve  teeth. 

137.    Tracing  Epicfdoidal   Teeth   »y  Templeta. — The  face  of   an 

epicycloidal  tooth  may  be  traced  by  rolling  a  templet  of  the  form 
of  the  describing  circle  upon  a  convex  templet  of  the  form  of  the 
pitch-circle;  and  the  flank,  by  rolling  a  templet  of  the  form  oi  \fc\fc 
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describing  circle  upon  a  concave  templet  of  the  form  of  the 
pitch-circle. 

When  the  fixed  templet  is  either  convex  (as  when  the  face  of 
the  tooth  of  a  wheel  is  to  be  traced)  or  straight  (as  when  either  the 
face  or  the  flank  of  the  tooth  of  a  rack  is  to  be  traced),  the  rolling 
templet  may  be  prevented  from  slipping  on  the  fixed  templet  by 
connecting  them  together  by  means  of  a  slender  piece  of  watch- 
spring,  as  follows : — In  fig.  92,  C  B  B  represents  the  fixed  templet 


of  the  form  of  the  pitch-circle,  and  R  the  rolling  templet  of  the 
form  of  the  describing  circle.  Q  I  P  is  a  slender  piece  of  watch- 
spring,  fastened  by  a  screw  at  P  to  the  edge  of  the  fixed  templet, 
and  by  a  screw  at  Q  to  the  edge  of  the  rolling  templet  The  spring 
may  have  a  sharp  tracing-point  formed  at  T  on  one  of  its  edges,  as 
already  described  in  Article  131,  Rule  IV.,  and  shown  in  fig.  86, 
page  124.  A  T,  in  fig.  92,  represents  part  of  the  epicycloid  traced 
by  the  point  T,  and  I  the  point  of  contact  of  the  pitch-circle  and 
describing  circle.     The  radius  of  each  of  the  templets  ought  to  be 
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made  less  than  tbe  radius  of  the  circle  which  it  represents,  by 
half  the  thickness  of  the  spring  P  Q. 

When  the  fixed  templet  is  concave  (for  tracing  the  flanks  of 
teeth)  this  method  of  preventing  the  rolling  templet  from  slipping 
is  not  available. 

138.    MratglM-FlaBked  BplcTclaldal  Teeth — In  the  oldest  form  of 

epicycloids!  teeth,  the  traces  of  the  flanks  are  straight  lines  radiat- 
ing from  the  centre  of  the  wheel,  being  the  lines  which  would  be 
traced  by  a  describing  circle,  of  half  the  radius  of  the  pitch-circle, 
rolling  inside  the  pitch  circle.  Hence,  in  order  that  a  pair  of 
wheels  with  teeth  described  according  to  this  principle  may  gear 
correctly  together,  the  faces  of  the  teeth  of  each  wheel  must  be 
traced  by  rolling  upon  the  outside  of  its  pitch-circle  a  describing 
circle  of  half  the  radius  of  the  other  pitch-circle. 
For  example,  in  fig.  93,  let  C  and  C  be  the  centres  of  a  pair  of 


Fig.  98. 

spur-wheels,  and  B  B  and  B  B'  their  pitch-circles,  touching  each 
other  in  the  pitch-point  I.  Lay  off  the  pitch-points  of  the  fronts 
and  backs  of  the  teeth  on  each  of  the  pitch- circles,  and  draw 
straight  lines  from  the  centres  of  the  wheels  to  the  points  of  division 
of  their  respective  pitch- circles;  these  lines  will  be  the  traces  of  the 
flanks  of  the  teeth.  Bisect  C  I  in  B,  and  C  I  in  B',  and  about 
R  and  It  respectively  describe  circles  traversing  I;  these  will  be 
the  two  describing  circles  for  the  faces  of  the  teeth.     lay  o 


134  GEOMETRY  OF  MACHIHEBY. 

those  two  circles,  sufficient  lengths,  I  E  and  I  IS,  for  the  two 
divisions  of  the  path  of  contact;  that  is  to  say,  each  of  these  lengths 
must  be  greater  than  half  the  pitch,  and  should  be  made  as  nearly 
equal  to  the  pitch  as  practicable.  Then  a  circle,  A  A,  described 
about  C  through  E',  will  be  the  addendum-circle  of  the  first 
wheel,  and  a  circle,  A'  A',  described  about  C,  through  £,  will 
be  the  addendum-circle  of  the  second  wheel  The  two  root- 
circles,  K  K  and  K'  K',  are  to  be  drawn  so  as  to  leave  a 
sufficient  clearance  between  each  of  them  and  the  opposite 
addendum-circle. 

To  trace  the  front  and  back  faces  of  the  teeth  of  the  first  wheel, 
roll  the  describing  circle  B!  on  the  pitch-circle  B  B;  to  trace  the 
front  and  back  faces  of  the  teeth  of  the  second  wheel,  roll  the 
describing  circle  R  on  the  pitch-circle  B'  B'.  This  may  be  done 
with  the  aid  of  templets  connected  together  by  means  of  a  spring, 
as  described  in  Article  137,  page  131. 

The  traces  of  the  flanks  of  the  teeth  of  a  rack,  according  to  this 
system,  are  straight  lines  perpendicular  to  the  pitch-line,  and  those 
of  the  faces  are  cycloids.  The  traces  of  the  faces  of  a  wheel  that  is 
to  gear  with  a  rack  are  involutes  of  the  pitch-circle. 

Epicycloidal  teeth  described  by  this  method  are  very  smooth  and 
accurate  in  their  action ;  but  they  labour  under  the  disadvantage 
that  the  faces  of  the  teeth  of  any  given  wheel  are  not  suited  to 
work  accurately  with  the  flanks  of  the  teeth  of  any  wheel  whose 
radius  differs  from  double  the  radius  of  the  describing  circle  with 
which  they  were  traced. 

139.  Epicycloidal    Teeth    Traced     by     an     Uniform     Describing 

Circle.— The  property  of  working  accurately  with  all  teeth  of  the 
same  pitch,  whatsoever  the  radius  of  the  pitch-circle,  is  given  to 
epicycloidal  teeth  by  tracing  both  the  faces  and  the  flanks  of  all 
teeth  of  the  same  pitch,  by  rolling  the  same  describing  circle  upon 
the  outside  and  the  inside  of  the  pitch-circle — a  system  first  intro- 
duced by  Mr.  Willis.  This  method  is  illustrated  by  fig.  91,  page 
131,  already  described  in  Article  136.  In  order  that  the  mean 
obliquity  of  action  may  not  in  any  case  exceed  15°,  nor  the 
maximum  obliquity  30°,  the  circumference  of  the  describing  circle 
employed  is  six  times  the  pitch;  so  that  its  radius  is  six  times  the 
radial  pitch  (see  Article  119,  page  111).  According  to  this  system, 
the  traces  of  both  the  flanks  and  the  faces  of  the  teeth  of  a  rack 
are  cycloids. 

140.  Approximate    Drawing     of    Epicycloidal     Teeth.— Various 

approximate  methods  of  drawing  epicycloids  have  already  been 
described  in  Article  79,  pages  59  to  62.     The  following  are  the 
additional  explanations  required  in  order  to  show  the  application 
of  those  methods  to  epicycloidal  teeth : — 
*t  L  By  two  pairs  of  Circular  Arcs*    In  fig.  94,  let  I  A  be  part 
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of  the  pitch-circle  of  a  wheel.     Draw  the  describing  circle  touching 
the  pitch-circle  at  any  convenient  point,  I,  and  outside  or  inside, 


Fig.  94. 

according  as  the  nice  or  the  flank  of  a  tooth  is  to  be  traced. 
(Letters  without  an  accent  refer  to  the  face;  letters  with  an  accent, 
to  the  flank.) 

Draw  the  straight  tangent  I P,  equal  in  length  to  one  of  the  two 
divisions  of  the  arc  of  contact,  and  in  it  take  I  D  =  1 1  P.  Then, 
with  the  radius  D  P  =  f  I  P,  draw  the  circular  arc  AB;  A  and 
B  will  be  the  two  ends  of  the  required  epicycloidal  arc.  Join  B  I ; 
and  from  A  draw  the  straight  tangent  A  C,  cutting  B  I  in  C. 
Then  A  C  and  B  C  will  be  the  normals  at  the  two  ends  of  the 
epicycloidal  arc.  Then  proceed,  according  to  Rule  IV.  of  Article 
79,  pages  61  and  62,  fig.  48,  to  draw  two  circular  arcs  approxi- 
mating to  the  required  curve;  and  perform  the  same  operation 
both  for  the  face  and  for  the  flank  of  the  tooth. 

According  to  this  method,  the  traces  of  the  face  and  flank  of  a 
tooth  consist  each  of  a  pair  of  circular  arcs,  and  the  two  arcs  which 
join  each  other  at  the  pitch-point,  A,  of  a  tooth  have  a  common 
tangent  there;  because  their  centres  are  in  the  straight  line 
C  AC. 

II.  By  one  pair  of  Circular  Arcs — Mr.  Willis's  Method.  Mr. 
Willis  first  showed  how  to  approximate  to  the  figures  of  epicy- 
cloidal teeth  by  means  of  two  circular  arcs — one  concave,  for  the 
flank,  the  other  convex,  for  the  face ;  and  each  having  for  its  radius 
the  mean  radius  of  curvature  of  the  epicycloidal  arc.  Mr.  Willis's 
rules  may  be  deduced  from  the  formula  for  finding  the  centre  of 
curvature  of  an  epicycloid,  which  is  given  in  Article  78,  equation  2, 
page  59;  that  formula  being  applied  to  the  point  in  the  epicy- 
cloid whose  normal  meets  the  pitch-circle  at  a  distance  from  the 
pitch -point  of  the  tooth  to  be  traced  equal  to  one-half  of  the 
pitch,  and  the  obliquity  of  that  normal  to  the  pitch-circle  being 
15°. 
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In  fig.  95,  let  B  C  be  part  of  the  pitch-circle,  and  A  tbe 

pitch-point  of  a  tooth  whose 
front  is  to  be  traced.  Lay 
off,  in  opposite  directions 
from  the  point  A,  the  arcs 
A  B  and  A  C,  each  equal  to 
one-half  of  the  pitch .  Draw 
the  radii  of  the  pitch- circle, 
B  D  and  C  E,  and  through 
the  points  B  and  C  draw 
the  straight  lines  B  F  and  C  G,  making  angles  of  75°  with  the 
radii  respectively ;  these  lines  are  normals  to  the  face  and  to  the 
flank  of  the  tooth  respectively.  Let  n  denote  the  number  of  teeth 
in  the  wheel.  Lay  off  along  the  two  normals  the  distances  B  F 
and  C  G,  as  calculated  by  the  following  formulae : — 

pitch.  _»._.  c  Q  _  Pi***  .       »      . 
15  *  ~     2       n  +  12'  ^U~     2       n-  12' 

then  F  will  be  the  centre  of  curvature  for  the  face,  and  G  the 
centre  of  curvature  for  the  flank. 

About  F,  with  the  radius  F  A,  draw  the  circular  arc  A  H ;  this 
will  be  the  trace  of  the  face  of  the  tooth.  About  G,  with  the 
radius  G  A,  draw  the  circular  arc  A  K;  this  will  be  the  trace  of 
the  flank  of  the  tooth. 

To  facilitate  the  application  of  this  rule,  Mr.  Willis  has  published 
tables  of  the  values  of  B  F  and  C  G,  and  invented  an  instrument 
called  the  " Odontography  That  instrument  is  an  oblong  piece 
of  card-board,  FGKH,  fig.  96,  measuring  about  13  inches  by  7  4 
q  inches.      The    oblique 

edge,  L  H,  makes  an 
angle  of  75°  with  the 
edge  G  F ;  so  that  when 
the  edge  L  H  is  laid 
along  a  radius,  O  I,  of 
a  pitch-circle,  B  B, 
the  edge  GIF  shows 
the  positions  of  normals 
to  acting  surfaces  of 
teeth  whose  pitch- 
points  are  at  a  distance 
from  I  equal  to  half 
the  pitch.  Along  the 
edge  GIF  two  scales  of  equal  parts  are  laid  off  in  opposite 
directions  from  the  point  I,  where  the  straight  line  coinciding 
with  H  L  meets  G  F;  the  scale  I  F  serving  to  mark  the  centres 
for  faces,  and  the  scale  I  G  the  centres  for  flanks,  at  distances 
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from  I  computed  by  the  formula?.  Values  of  those  distances  for 
different  pitches  and  numbers  of  teeth,  and  other  useful  dimen- 
sions, are  given  in  tables  which  are  printed  on  the  sides  of  the 
card-board. 

141.  Teeth  Gearing  with  Boand  glare* — Trundle*  and  Pln^whecls* 

—When  two  wheels  gear  together,  and  one  of  them  has  cylindrical 
phis  (called  staves)  for  teeth,  that  one  is  called,  if  it  is  the  larger  of 
the  two,  a  pin-idied,  and  if  the  smaller,  a  trundle.     The  traces  of 
the  teeth  of  the  other  wheel  are  drawn  in  the  following  manner : — 
In  fig.  97,  let  B2  be  the  pitch-circle  and  C2  the  centre  of  the 
trundle  or  pin- wheel,  and  let  Bx  Bx  be  the  pitch-circle  of  the  other 
wheel.     Divide  the  pitch-circle,  Bx  B19  into  arcs  equal  to  the  pitch, 
and  through  the  points  of  division  trace  a  set  of  external  epicy- 
cloids by  rolling  the  pitch-circle  B2  on  the  pitch-circle  Bv  with  the 
centre  of  a  stave  for  a  tracing-point,  as  shown  by  the  doited  lines; 
then  draw  curves  parallel  to  and  within  the  epicycloids,  at  a  dis- 
tance from  them  equal  to  the  radius  of  a  stave.     These  will  be  the 
fronts  and  backs  of  the  required  teeth.     The  clearing  curves  are 
circular  arcs  of  a  radius  equal  to  that  of  the  staves. 


Fig.  97. 


Fig.  98. 


"When  the  teeth  drive  the  staves,  the  whole  path  of  contact 
consists  of  recess,  and  there  is  no  approach ;  for  the  teeth  begin  to 
act  on  the  staves  at  the  instant  of  passing  the  line  of  centres. 
When  the  staves  drive  the  teeth,  the  whole  path  of  contact  consists 
of  approacJi,  and  there  is  no  recess ;  for  the  staves  cease  to  act  on 
the  teeth  at  the  instant  of  passing  the  line  of  centres.  The  latter 
mode  of  action  is  avoided  where  economy  of  power  is  studied, 
because  it  tends  to  produce  increased  friction,  for  reasons  to  be 
stated  under  the  head  of  the  Dynamics  of  Machines. 

To  drive  a  trundle  in  inside  gearing,  the  outlines  of  the  teeth  of 
the  wheel  should  be  curves  parallel  to  internal  epicycloids.  A 
peculiar  case  of  this  is  represented  in  fig.  98,  where  the  radius  of 
the  pitch- circle  of  the  trundle  is  exactly  one-half  of  that  of  the 
pitch-circle  of  the  wheel;  the  trundle  has  three  equidistant  staves; 
and  the  internal  epicycloids  described  by  their  centres,  while  the 
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pitch-circle  of  the  trundle  is  rolling  within  that  of  the  wheel,  are 
three  straight  lines,  diameters  of  the  wheel,  making  angles  of  60° 
with  each  other.  Hence  the  surfaces  of  the  teeth  of  the  wheel 
form  three  straight  grooves  intersecting  each  other  at  the  centre, 
each  being  of  a  width  equal  to  the  diameter  of  a  stave  of  the 
trundle,  with  a  sufficient  addition  for  back-lash* 

The  following  is  the  construction  given  by  Mr.  Willis  for  finding 
in  pin-wheels  and  trundles  wliat  is  the  greatest  radius  of  stave 
consistent  with  having  an  arc  of  contact  not  less  than  the  pitch  (see 
fig.  99)  :— 

Let  0  be  the  centre  of  the  wheel  with  teeth,  and  C  that  of  the 

wheel  with  staves.  On  their 
two  respective  pitch-circles  lay 
off  the  arcs  I  D  and  I  B,  each 
equal  to  the  pitch.  Draw  the 
straight  line  I  B;  draw  also  the 
straight  line  C  E,  bisecting  the 
angle  I  C  D,  and  cutting  I  B  in 
E;  then  B  E  will  be  the  greatest 
radius  that  can  be  given  to  the 
staves  consistently  with  having 
an  arc  of  contact  not  less  than 
the  pitch. 

The  proof  is  as  follows: — Be- 
cause the  fronts  and  backs  of  the 
teeth  are  similar,  the  crest  of 
the  tooth  that  acts  on  a  stave  at 
B  must  be  in  the  straight  line 
C  E,  that  bisects  the  angle  I  C  D. 
When  the  centre  of  a  stave  is  at 
B,  the  point  of  contact  of  the 
stave  and  tooth  must  be  in  the 
line  of  connection  I  B.  When 
the  staves  have  the  greatest 
radius  consistent  with  the  con- 
tinuance of  action,  while  the 
centre  of  a  stave  moves  from  I  to 
B,  the  point  of  contact  and  the  crest  of  the  tooth  coincide,  and 
are  therefore  at  the  point  E,  where  I  B  and  C  E  intersect 

Should  C  E  pass  beyond  B,  the  proposed  pair  of  wheels  will  not 
work,  and  the  design  must  be  altered ;  and  such  is  also  the  case 
when  C  E  either  traverses  the  point  B  or  cuts  I  B  so  near  to  B  as 
to  give  a  radius  too  small  for  strength. 

In  practice,  the  radius  B  E  ought  to  be  made  a  little  less  than 
that  given  by  the  Rule,  in  order  that  there  may  be  no  risk  of 
imperfect  working  through  the  effects  of  tear  and  wear. 


Fig.  99. 


TRUNDT.K     PIN-BACK — INTERMITTENT  GEARING. 
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The  smallest  number  of  staves  commonly  met  with  in  a  trundle 
is  five. 

A  straight  rack  may  have  staves  instead  of  teeth ;  it  is  then  called 
a  pin-rack;  and  it  is  evident  that  the  fronts  and  backs  of  the  teeth 
of  a  wheel  to  gear  with  it  should  be  parallel  to  involutes  of  the  pitch- 
circle  of  that  wheel  On  the  other  hand,  a  toothed  straight  rack 
may  gear  with  a  trundle,  and  then  the  teeth  of  the  rack  are  to  be 
traced  by  first  rolling  the  pitch-circle  of  the  trundle  on  the  pitch- 
line  of  the  rack,  so  as  to  draw  cycloids,  and  then  drawing  curves 
parallel  to  and  inside  those  cycloids,  at  a  distance  equal  to  the 
radius  of  the  staves. 


142.  latamltteat  Gear- 

-The  action  of  a  pair 
of  wheels  is  said  to  be 
intermittent  when  there 
are  certain  parts  of  the 
revolution  of  the  driver 
during  which  the  follower 
stands  still.  This  is 
effected  by  having  a  dead 
are,  or  portion  without 
teeth,  such  as  A  E,  fig. 
100,  in  the  circumference 
of  the  driver,  to  which 
there  corresponds  a  suit- 
able gap  in  the  series  of 
teeth  of  the  follower,  as 
between  C  and  D ;  and  in 
most  cases  there  are  also 
required  a  guide-plate,  G 
H,  fixed  to  one  side  of  the 
follower,  which,  when  the 
connection  of  the  wheels 
is  renewed,  is  acted  upon 
by  a  pin,  F,  in  the  driver. 
Supposing  the  radii  and 
the  pitch  of  a  pair  of 
wheels  to  be  given,  and 
also  the  arc  of  repose — by 
which  term  is  meant  the 
length  upon  the  pitch- 
circle  of  the  driver  of 
that  part  which  is  to 
pass  during  the  pause  in  the  movement  of  the  follower — the  method 
of  designing  those  wheels  so  as  to  work  with  smoothness  and 
precision  is  as  follows : — 


Fig.  100. 
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Draw  the  pitch-circles,  and  divide  them  as  usual;  draw  also 
the  addendum-circles  and  root-circles  according  to  the  ordinary 
rules.  Mark  the  point,  K,  where  the  addendum-circles  cut  each 
other  at  the  receding  side;  this  will  be  the  point  at  which  the 
action  of  the  teeth  will  terminate,  at  the  instant  when  the  pause 
begins.  Through  K  draw  a  curve  suited  for  the  front  of  a  tooth  of 
the  follower,  and  let  C  be  the  pitch -point  of  that  tooth.  Then, 
starting  from  C,  lay  off  the  pitch- points  of  the  fronts  and  backs  of 
the  teeth  of  the  follower,  and  draw  those  fronts  and  backs.  Then, 
looking  towards  the  approaching  side,  mark  the  furthest  tooth  from 
the  line  of  centres,  which  is  cut  by  the  addendum-circle  of  the 
driver;  let  D  be  the  pitch-point  of  the  face  of  that  tooth.  The 
crest  of  the  tooth  D  is  to  be  cut  away  so  as  exactly  to  fit  the 
addendum-circle  of  the  driver,  and  the  teeth  between  it  and  the 
tooth  C  are  to  be  omitted,  leaving  a  smooth  part  of  the  root-circle 
between  the  front  of  C  and  the  back  of  D;  this  is  the  required 
gap. 

Measure  the  arc  C  D  on  the  pitch-circle  of  the  follower  between 
the  fronts  of  the  teeth  C  and  D,  and  to  its  length  add  the  length 
of  the  intended  arc  of  repose:  from  the  sum  subtract  the  space,  B  Et 
that  is  to  be  left  between  each  pair  of  teeth  on  the  pitch-circle  of 
the  driver;  the  remainder  will  be  the  dead  arc,  A  E,  which  is  to  be 
laid  off  on  the  pitch-circle  of  the  driver.  The  two  ends  of  that  arc 
are  to  be  bounded  by  curves  like  the  front  and  back  of  a  tooth  of 
the  driver  respectively:  a  front  at  A,  a  back  at  E;  and  the  inter- 
vening part  of  the  rim  of  the  driver  is  to  have  a  smooth  edge 
coinciding  with  its  addendum-circle. 

For  the  purpose  of  renewing  the  connection  between  the  driver 
and  follower,  the  cylindrical  pin  F  is  to  be  fixed  with  its  centre 
in  the  pitch-circle  of  the  driver,  and  the  guide-plate  G  H  is  to  be 
fixed  to  the  corresponding  side  of  the  follower.  The  acting  edge 
of  the  guide-plate  is  to  be  shaped  like  the  front  of  a  tooth  for 
working  with  the  pin  F  (as  in  Article  141,  page  137);  and  the 
distance  on  the  pitch-circle  of  the  follower  from  the  front  of  that 
edge  to  the  front  of  the  tooth  D  is  to  be  equal  to  the  distance  on 
the  pitch-circle  of  the  driver  from  the  front  of  the  pin  F  to  the 
front  of  the  tooth  B ;  so  that  when  B  is  driving  D,  F  shall  at  the 
same  time  be  driving  G  H.  The  end  G  of  the  guide-plate  in  the 
position  of  repose  should  project  just  far  enough  inside  the  pitch- 
circle  of  the  driver  to  insure  that  the  pin  F  shall  meet  it. 

The  action  in  working  is  as  follows : — Just  before  the  pause,  the 
front,  A,  of  the  dead-arc  drives  the  front  of  the  tooth,  C,  in  the 
usual  way  throughout  the  ordinary  path  of  contact ;  and  then,  as 
there  is  a  gap  following  C,  the  crest  of  the  front  A  continues  to 
drive  C  until  the  crest  of  C  reaches  the  position  K,  and  clears  the 
addendum-circle  of  the  driver.     At  that  instant  the  driver  loses 
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JioH  of  the  follower,  and  at  the  same  instant  the  top  of  the  tooth  D 
comes  in  contact  with  the  rim  of  the  dead  arc,  which  it  is  shaped 
to  fit ;  and  this  prevents  the  follower  from  moving  until  the  dead 
ire  has  passed  clear  of  the  tooth  D.  .At  this  instant  the  pin  F 
begins  to  drive  the  guide-plate  G  H,  and  continues  to  do  so  until 
he  tooth  B  has  begun  to  drive  the  tooth  D,  and  the  connection 
a  renewed. 

If  the  pressure  to  be  exerted  is  considerable,  there  may  be  a  pair 
*  tiins  at  F,  one  at  each  side  of  the  driver,  and  a  pair  of  guide* 
dates  at  G  H,  one  at  each  side  of  the  follower. 

The  shortest  arc  through  which  the  follower  can  be  driven  in 
.he  interval  between  two  pauses  is  C  D;  and  such  is  the  case  when 
B  is  the  front  of  a  second  dead  arc,  and  the  tooth  D  is  imme- 
liatt-ly  followed  by  a  second  gap.  In  this  case  it  may  be  necessary 
o  cut  away  part  of  the  outer  side  of  the  pin  F,  in  order  to  insure 
ts  clearing  the  tip,  G,  of  the  guide-plate  when  the  next  pause 
legins. 

It  is  easy  to  see  how  the  same  principles  may  be  applied  to  the 
lesigning  of  a  wfieel  and  rack  with  intermittent  action.  When  the 
•ack  is  the  follower,  a  pair  of  similar  and  parallel  racks,  rigidly  framed 
ogether,  may  be  made  to  gear  with  opposite  edges  of  a  spur-wheel, 
laving  a  toothed  arc  and  a  dead  arc  so  arranged  as  to  drive  the  two 
acks  alternately  in  opposite  directions,  and  thus  produce  a 
eciprocating  motion  of  the  piece  of  which  they  are  parts.  This 
combination  belongs  to  Class  C  of  Mr.  Willis's  arrangement.  As 
o  the  form  which  it  takes  when  one  tooth  onlv  acts  at  a  time,  see 
Article  164,  further  on.     (See  also  Addendum,  page  286.) 

143.     The    Teeth    of   Non-Circular    Wheels    may    be    traced    by 

•oiling  circles  or  other  curves  on  the  pitch-lines ;  and  when  those 
eeth  are  small,  compared  with  the  wheels  to  which  they  belong, 
sach  tooth  is  nearly  similar  to  the  tooth  of  a  circular  wheel  whose 
ritch-circle  has  a  radius  equal  to  the  radius  of  curvature  of  the 
iitch-line  of  the  actual  wheel  at  the  point  where  the  tooth  is 
situated  ;  the  tooth  being  traced  by  means  of  the  same  describing 
nrcle  which  is  used  for  the  circular  wheel. 

It  is  obvious  that  the  use  of  an  uniform  describing  circle  for 
:eeth  of  a  given  pitch  (as  explained  in  Article  139,  page  134)  is 
the  most  easily  practicable  method  of  tracing  teeth  for  a  non- 
nrcnlar  wheel.  It  may  be  carried  out  by  means  of  templets,  as 
n  Article  137,  page  131. 

The  operation  is  necessarily  much  more  laborious  than  the 
corresponding  operation  for  a  circular  wheel;  because  in  a  non- 
nrcular  wheel  the  teeth  have  figures  varying  with  the  curvature 
:>f  the  pitch-line. 

If  the  pitch-line  of  a  non-circular  wheel  is  one  whose  radii 
of  curvature  at  a  series  of  points  can  be  easily  found,  a  sertefe  oi 
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figures  may  be  used  for  the  teeth  similar  to  the  figures  suited  for 
circular  wheels  of  those  radii;  and  in  drawing  those  figures  the 
approximate  methods  of  Article  140,  pages  134  to  136,  may  be 
employed.* 

*  The  following  relation  between  the  radii  of  curvature  at  a  pair  of  corre- 
sponding points  of  a  pair  of  pitch-liues  that  roll  together,  may  be  useful  to 
determine  one  of  those  radii  of  curvature  when  the  other  is  known.  Let 
r  and  r'  be  the  two  segments  into  which  the  pitch-point  divides  the  line  of 
centres  at  the  instant  when  the  pair  of  corresponding  points  in  question  are 
in  contact ;  let  p  and  p'  be  the  two  radii  of  curvature  at  these  points,  and 
let  0  be  the  angle  which  those  radii  make  with  the  line  of  centres  at  the 
instant  before  mentioned ;  then 


J-+H  ■+£)««■ (L) 


When  the  pitch-lines  are  in  inside  gearing,  the  greater  of  the  two  segments, 
r,  r',  is  to  be  made  negative,  and  each  ramus  of  curvature  is  to  be  considered 
as  positive  for  a  convex  and  negative  for  a  concave  pitch-line. 

For  a  pair  of  equal  elliptic  pitch-lines,  as  in  Article  108,  page  93,  the  radii 
of  curvature  at  a  pair  of  corresponding  points  are  equal,  ana  are  therefore 
both  given  by  the  following  formulae : — 


11       cosO 


(-1  ♦  M' 


,(2.) 


or, 

o  =  p'  =   *1*1 — (2  a.) 

p        (r  +  r')  cos  0'  l       ' 

and  the  same  formulae  apply  to  any  pair  of  equal  and  similar  lobed  pitch-lines 
of  the  class  described  in  Article  109,  page  97. 

For  a  logarithmic  spiral  pitch-line  (Article  110,  page  99)  the  radius  of 
curvature  at  any  point  is  given  by  the  formula 

'-w {3) 

and  may  be  found  approximately  by  construction,  as  already  described  in 
the  article  referred  to. 

If  one  of  the  pitch-lines  is  straight  (a  case  already  used  as  an  example  in 
Article  107,  page  92),  the  reciprocal  of  the  radius  of  curvature  of  that  line 
is  at  every  point  equal  to  nothing ;  so  that  equation  1  of  this  note  becomes 
(for  the  other  pitch-line) 

A=  (f  +   ?)«"* (4.) 

Let  c  denote  the  length  of  the  line  of  centres,  and  a  the  shortest  distance 

a 

of  tlu  straight  pitch -line  from  its  own  axis  of  motion;  then  r'  =  - — -  ;  and 

r  =i  c  —  r*  —  c q  J  consequently  equation  4  becomes 

1            ccos30  ,.     % 

-  = 5 j; (4  a.) 

p       ac  cos  0  —  a" 

or 

a  a9  .. 

e  =  sp-i-^s** (4b,) 
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"When  a  pair  of  non-circular  wheels  are  connected  by  means  of 
teeth  alone,  care  must  be  taken  that  the  obliquity  of  the  action  of  the 
teeth  does  not  become  too  great  in  certain  positions  of  the  wheela 
That  obliquity  is  greatest  at  the  instant  when  the  obliquity  of  the 
common  tangent  of  the  two  pitch-lines  at  their  pitch-point  to  a 
perpendicular  to  the  line  of  centres  at  that  point  is  greatest,  such 
obliquity  being  in  the  direction  of  rotation  of  the  follower;  for,  as 
that  is  also  the  direction  of  the  obliquity  of  the  line  of  connection 
of  the  teeth  to  the  pitch-lines,  those  two  obliquities  are  added 
together  at  the  instant  in  question;  their  sum  being  the  total 
obliquity  of  the  line  of  connection  to  a  perpendicular  to  the  line  of 
centres.  Excessive  obliquity  of  action  tends  to  produce  great  fric- 
tion, and  involves  also  the  risk  of  the  teeth  either  getting  jammed 
or  losing  hold  of  each  other.  In  practice,  the  total  obliquity  of 
action  of  the  teeth  of  non-circular  wheels  is  seldom  allowed  to  exceed 
about  50°;  or  say,  about  15°  for  the  obliquity  of  the  line  of  connec- 
tion of  the  teeth  to  the  pitch-lines,  and  35°  for  the  greatest  obliquity 
of  the  pitch-lines  to  a  line  perpendicular  to  the  line  of  centres. 

There  is  one  case,  however,  in  which  it  is  not  necessary  to  con- 
fine the  obliquity  within  such  narrow  limits ;  and  that  is  when  the 
wheels  have  a  pair  of  equal  and  similar  elliptic  pitch-lines  centred 
on  two  of  their  foci,  and  it  is  practicable  to  link  the  revolving  foci 
together,  as  shown  in  Article  108,  fig.  72,  page  96;  for  the  link 
preserves  the  connection  accurately  at  the  time  when  the  obliquity 
of  the  pitch-lines  is  greatest.     In  this  case,  indeed,  the  teeth  may 
be  omitted  throughout  a  pair  of  arcs  at  the  two  sides  of  each 
elliptic  pitch-line,  each  such  toothless  arc  having  a  smooth  rim  of 
the  form  of  the  pitch-line,  and  extending  both  ways  from  the  end 
of  the  minor  axis  to  a  pair  of  points  perpendicularly  opposite  the 
foci,  or  nearly  so.     (See  page  292.) 

H4.  Teeth  of  Berei- Wheel..  (4.  J/.,  4G7.)— The  teeth  of  a  bevel- 
wheel  have  acting  surfaces  of  the  conical  kind,  generated  by  the 
motion  of  a  line  traversing  the  apex  of  the  conical  pitch-surface, 
while  a  point  in  it  is  carried  round  the  traces  of  the  teeth  upon  a 
spherical  surface  described  about  that  apex. 

The  operations  of  drawing  the  traces  of  the  teeth  of  bevel- 
wheels  exactly,  whether  by  involutes  or  by  rolling  curves,  are  in 
every  respect  analogous  to  those  for  drawing  the  traces  of  the  teeth 
of  spur-wheels;  except  that  in  the  case  of  bevel-w heels  all  those 
operations  are  to  be  performed  on  the  surface  of  a  sphere  de- 
scribed about  the  apex,  instead  of  on  a  plane,  substituting  poles  for 
centres,  and  great  circles  for  straight  lines. 

In  consideration  of  the  practical  difficulty,  especially  in  the  case 
of  large  wheels,  of  obtaining  an  accurate  spherical  surface,  and  of 
drawing  upon  it  when  obtained,  the  following  approximate  method, 
proposed  originally  by  Tredgold,  is  generally  used ;— 
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Fig.  101, 


I.  Development  of  Teeth. — Let  O,  fig.  101,  be  the  common  apex 
of  the  pitch-cones,  O  B  I,  O  B'  I,  of  a  pair  of  bevel- wheels ;  O  C, 
O  O,  the  axes  of  those  cones ;  O  I  their  line  of  contact  Perpen- 
dicular to  O  I  draw  A  I  A',  cutting  the  axes  in  A,  A';  make  the 

outer  rims  of  the  patterns  and  of 
the  wheels  portions  of  the  cones 
A  B  I,  A'  B'  I,  of  which  the  nar- 
row zones  occupied  by  the  teeth 
will  be  sufficiently  near  for  practical 
purposes  to  a  spherical  surface 
described  about  O.  As  the  cones, 
A  B  I,  A'  B'  I,  cut  the  pitch-cones 
at  right  angles  in  the  outer  pitch- 
circles,  I  B,  I  B',  they  may  be 
called  the  normal  cones.  To  find 
the  traces  of  the  teeth  upon  the 
normal  cones,  draw  on  a  flat  surface 
circular  arcs,  ID,  I  D',  with  the  radii  A  I,  A'  I ;  those  arcs  will  be 
the  developments  of  arcs  of  the  pitch-circles,  I  B,  I  B',  when  the 
conical  surfaces,  A  B  I,  A'  B'  I,  are  spread  out  flat.  Describe  the 
traces  of  teeth  for  the  developed  arcs  as  for  a  pair  of  spur-wheels, 
then  wrap  the  developed  arcs  on  the  normal  cones,  so  as  to  make 
them  coincide  with  the  pitch-circles,  and  trace  the  teeth  on  the 
conical  surfaces. 

II.  Traces  and  Projections  of  Teeth. — Fig.  102  illustrates  the 
process  of  drawing  the  projection  of  a  tooth  of  a  bevel-wfteel  on  a 
jUane  perpendicular  to  tlte  axis.  In  the  first  place,  let  A  0 
represent  the  common  axis  of  the  pitch-cone  and  normal  cone ;  A 
l>eing  the  apex  of  the  normal  cone.  Let  A  I  be  the  trace  of  the 
normal  cone  on  a  plane  traversing  the  axis ;  and  let  1 1',  perpen- 
dicular to  I  A,  be  part  of  the  trace  of  the  pitch-cone  on  the  same 
plane,  of  a  length  equal  to  the  intended  breadth  of  the  toothed 
rim  of  the  wheel.  C  I  perpendicular  to  A  C  is  the  radius  of  the 
pitch-circle  in  which  the  pitch-cone  and  normal  cone  intersect  each 
other.  About  A,  with  the  radius  A  I,  draw  the  circular  arc 
DID,  making  D  I  =  I  D  =  half  the  pitch ;  D  I  D  will  be  the 
development  of  an  arc  of  the  pitch-circle  of  a  length  equal  to  the 
pitch.  On  the  arc  DID  lay  off  I  G  =  I  G  =  half  the  thickness 
of  a  tooth  on  the  outer  pitch-circle.  Then,  by  the  rules  for  spur- 
wheels,  draw  the  trace,  H  G  E  G  H,  of  one  tooth  and  a  pair  of 
half-spaces,  with  a  suitable  addendum-circle  through  £,  and  a 
suitable  root- circle,  H  F  H. 

The  straight  line  FIE  will  be  the  trace,  upon  a  plane  travers- 
ing the  axis,  of  the  outer  side  of  a  tooth ;  and  £  and  F  will  be 
the  traces,  on  that  plane,  of  the  outer  addendum-circle  and  root- 
circle  respectively.     From  £  and  F  draw  straight  lines,  £  K  and 
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F  F",  converging  towards  the  apex  of  the  pitch-cone ;  these  will  be 
the  traces  of  the  ridiiendum-etme  and  root-cone  res[>ectively.  (For 
want  of  space,  the  apex  of  the  pitch -cone  is  not  shown  in  fig.  102.) 
Through  I',  parallel  to  F  I  E,  draw  F  I  if;  this  will  be  the  trace, 


Fig.  10J. 


on  a  plane  traversing  the  axis,  of  the  inner  Bide  of  a  tooth  ;  and 
the  points  B,  I',  and  V  will  be  respectively  the  traces  of  the 
inner  addendum-circle,  inner  pitch-circle,  and  inner  root-circle. 

Through  A,  parallel  to  C  I,  draw  the  straight  line  A  i  e,  and 
conceive  this  line  to  be  traversed  by  a  plane  perpendicular  to  tho 
aula,  as  a  new  plane  of  projection.  Through  the  points  F,  I,  E, 
I\  I',  "E,  draw  straight  lines  parallel  to  C  A,  cutting  A  a  in 
/  »,  e,  f,'  f,  e' ';  these  points,  marked  with  small  letters,  will  ba 
the  projections,  on  the  new  plane,  of  the  points  marked  wiW  vV« 
corresponding  capital  letters. 
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Divide  the  depth,  F  E,  of  the  tooth  at  its  outer  aide  into  any 
convenient  number  of  intervals*  Through  the  points  of  division 
draw  straight  lines  parallel  to  C  A;  these  will  cut/ 6  in  a  series  of 
points,  which  will  be  the  projections  of  the  points  of  division  of 
F  E.  Through  the  points  of  division  of  F  E,  and  also  through 
the  projections  of  those  points,  draw  circular  arcs  about  A  as  a 
centre.  Measure  a  series  of  thicknesses  of  the  tooth  on  the  arcs 
which  cross  F  E,  and  lay  off  the  same  series  of  thicknesses  on  the 
corresponding  arcs  which  cross/ e;  a  curve,  hg  eg  h,  drawn  through 
the  points  thus  found,  will  be  the  required  projection,  on  a  plane 
parallel  to  the  axis,  of  the  outer  side  of  a  tooth. 

The  projection,  /*'  g'  e  g  /*',  of  the  inner  side  of  a  tooth  is  found 
by  a  similar  process,  except  that  the  measuring  and  laying-off  the 
thicknesses  is  rendered  unnecessary  by  the  fact  that  eacli  pair  of 
corresponding  points  in  the  projections  of  the  outer  and  inner  sides 
lie  in  one  straight  line  with  A.  For  example,  having  drawn  about 
A  a  circular  arc  through  i\  draw  the  two  straight  lines  A  g,  A  g ; 
these  will  cut  that  arc  in  the  points  g\  g*,  being  the  points  in  the 
projection  of  the  inner  side  corresponding  to  g,  g  in  the  projection 
of  the  outer  side;  and  thus  it  is  unnecessary  to  lay  off  the  thick- 
ness g  g. 

145.    Teeth    of   Suew-berd    Wheel*  —  General    Condition*. — The 

surfaces  of  the  teeth  of  a  skew-bevel  wheel  belong,  like  its  pitch- 
surface,  to  the  hyperboloi'dal  class,  and  may  be  conceived  to  be 
generated  by  the  motion  of  a  straight  line  which,  in  each  of  its 
successive  positions,  coincides  with  the  line  of  contact  of  a  tooth 
with  the  corresponding  tooth  of  another  wheel.  Those  surfaces 
may  also  be  conceived  to  be  traced  by  the  rolling  of  a  hyper- 
bololdal  roller  upon  the  hyperboloidal  pitch-surface,  in  the  mariner 
described  in  Article  84,  pages  70  to  73. 

The  conditions  to  be  fulfilled  by  the  traces  of  Hie  fronts  and 
backs  of  the  teetJi  on  the  hyperboloidal  pitch-surface  are  : — A.  That 
each  of  those  traces  shall  be  one  of  the  generating  straight  lines  of 
the  hyperboloid  (Article  IOC,  page  80);  B.  That  the  normal  pitch, 
measured  from  front  to  front  of  the  teeth  along  the  normal  spiral 
(Article  106,  page  89),  shall  be  the  same  in  two  wheels  that  gear 
together — (this  second  condition  is  always  fulfilled  if  the  two 
pitch-surfaces  are  correctly  designed,  and  the  numbers  of  teeth 
made  inversely  proportional  to  the  angular  velocities) ;  and  C.  That 
the  teeth,  if  in  outside  gearing,  shall  be  riglUJuinded  on  both 
wheels,  or  left-handed  on  both  wheels;  and  if  in  inside  gearing, 
contrary-handed  on  the  two  wheels. 

Skew-bevel  teeth  may  be  said  to  be   right-handed  or  left- 
handed,  according  to  the  direction  in  which  the  generating  lines 
of  the  teeth  appear  to  deviate  from  the  axis  when  looked  at  with 
the  axis  upright,  as  in  fig.  103,  page  147.     For  example,  the  wheel 


ill  that  figure 
ban  left -handed 
teeth ;  for  the 
generating  line 
1'  1  deviates  to  the 
left  of  the  axis 
A'  A.  The  same 
rale  applies  to  the 
direction  in  which 
the  crests  of  the 
teeth  appear  to 
deviate  from  the 
radii  of  the  wheel, 
vben  looked  at  as 
in  the  upper  part 
of  fig.  105,  page 
150. 

Bight  -  handed 
teeth  have  left- 
handed  normal 
spirals,  and  left- 
handed  teeth 
riglit-banded  nor- 
mal spirals. 

14  b'.  Mfcawavrrl 

Tnlb—  Bill.-.— I. 

Sormal  Section  of 
a  Tooth.~In  fig. 
103,  let  A  a  A' be 


the 


of 


skew-  bevel  wheel : 
let  a  be  the  centre 
of  the  throat  of 
its  hyperbololdal 
pitch-surface ;  let 
the  dotted  curve 
through  I  be  the 
trace  of  that  sur- 
face on  a  plane 
traversing  the 
axis ;  and  let  0  I 
r  ;  a i  be  the  radiui 
of  the  pitch-circle 
at  the  middle  of 
the  breadth  of  the 
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wheel,  as  found  by  Rule  I.  of  Article  106,  page  88.     Draw  by 
Bulea  It  and  III.  of  that  Article,  pages  88,  89,  the  normal  I  A 


Fig.  104. 


and  tangent  I  I"  I',  to  the  trace  of  the  pitch-surface  at  I.  Then 
find,  by  Rule  V.  of  that  Article,  page  89,  the  radius  of  curvature 
of  the  normal  spiral  at  the  point  I,  and  lay  oif  that  radius  of 
curvature,  I  S,  along  the  normal. 

In  fig.  104  (which  is  on  a  larger  scale  than  fig.  103,  for  the  sake 
of  distinctness),  let  A  C,  as  before,  be  the  Axis  of  the  wheel,  C  I 
the  radius  of  the  middle  pitch-circle,  I  A  the  normal,  and  I  S  the 
radius  of  curvature  of  the  normal  spiral ;  draw  I  X  perpendicular 
to  I  S.  Then,  by  Rulo  V.  of  Article  106,  page  89,  find  the  angle 
(  =  0  g  F  in  fig.  68,  page  88)  which  a  tangent  to  the  normal  spiral 
makes  with  a  tangent  to  the  pitch-circle,  and  draw  I  P,  making 
that  angle  with  I  N.  Lay  off  I  P  equal  to  Ike  pile/t  as  measured 
on  e/te  middle  pilcJt-cirde ;  let  fall  P  N  fwr^nD&Vmhtt  V»  Wi  -,  *.V«a 
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I  N  will  be  the  normal  pitcJi  at  the  middle  pitch-circle.  About  S, 
with  the  radius  S  I,  draw  a  circular  arc,  and  lay  off  on  that  arc 
the  distance,  D  D,  equal  to  tho  normal  pitch,  one-half  to  each  side 
of  I.  Lay  off  the  intended  middle  thickness,  G  G,  of  a  tooth,  one- 
half  to  each  side  of  I.  Then  draw,  by  the  rules  for  spur-wheels, 
the  normal  section,  H  G  E  G  H,  of  a  tooth,  being  its  trace  upon  a 
surface  which  cuts  it  normally  at  the  middle  of  the  breadth  of 
the  rim  of  the  wheel. 

II.  Trace  of  a  Tooth  on  Hie  Normal  Cone. — Through  A  in  fig.  104 
draw  A  i  parallel  and  equal  to  C  I,  and  through  I  draw  It  parallel 
aud  equal  to  C  A.  About  A,  with  the  radius  A  t,  draw  the  circular 
arc  d  d,  equal  in  length  to  I  P,  the  pitch  on  the  pitch-circle,  and 
having  the  middle  of  its  length  at  the  point  i.  This  will  be  the 
arc  on  the  pitch-circle  corresponding  to  the  arc  D  D  on  the  normal 
spiral 

Divide  E  F,  the  middle  depth  of  the  tooth,  into  any  convenient 
number  of  intervals;  and  through  E  and  F  and  the  points  of 
division  draw  straight  lines  parallel  to  I  i,  cutting  A  i  e  in  a  series 
of  corresponding  points.  Through  the  points  in  E  F  draw  circular 
arcs  about  S.  Through  the  corresponding  points  of  ef  draw  cir- 
cular arcs  about  A.  From  the  points  where  the  arcs  cut  the  trace 
E  G  H  measure  oblique  lialf -thicknesses  to  the  centre  line,  E  F,  of 
the  tooth,  along  oblique  lines  drawn  parallel  to  PI;  and  lay  off 
those  half-thicknesses  at  both  sides  of  ef,  along  the  arcs  which  cross 
it.  Through  the  points  thus  found  draw  the  curve  h  g  e  g  h  ;  this 
will  be  the  projection,  on  a  plane  perpendicular  to  tlie  cuds,  of  the 
trace  of  a  tooth  upon  tlie  normal  cone  of  t/te  pitch-surface  at  the 
middle  of  its  breadth;  that  is,  upon  the  cone  whose  trace  is  A  I  in 
fig.  103.  (If  it  be  desired  to  draw  the  development  of  that  trace, 
lay  off  the  oblique  half-thicknesses  along  arcs  drawn  about  A, 
through  the  points  of  division  of  the  radius  A  F  I  E.  The  result 
is  the  drawing  of  an  outline  outside  of,  and  nearly  parallel  to, 
H  G  E  G  H.    To  prevent  confusion,  it  is  not  shown  in  the  figure.) 

If  the  pitch-circle  chosen  is  at  the  throat  of  the  hyperboloid,  the 
normal  cone  becomes  simply  the  plane  of  that  circle ;  and  in  fig. 
104,  A/ i  e  coincides  with  A  F  I  E. 

III.  Projections  of  tfie  Middle  Lines  of  a  Tootli. — In  fig.  103,  let 
FIE  and  fie,  as  before,  represent  the  projections  of  the  central 
depth  of  a  tooth,  being  part  of  a  normal  (E  I  F  A,  e  if  a)  to  the 
pitch-surface  at  a  point,  1 i,  in  the  middle  pitch-circle,  whose  radius 
is  C  I  =  a  i;  so  that  F,/,  I,  i.  and  E,  e  are  the  projections  of  the 
mid/He  points  of  the  tooth  at  the  root,  at  the  pitch-surface,  and  at 
the  crest  respectively;  and  let  it  be  required  to  find  the  projections 
of  the  middle  lines  of  that  tooth  at  the  root,  pitch-surface,  and 
crest  respectively. 

About  a  draw  the  circles//',  i  i',  and  e  e\  being  the  projections, 
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on  a  plane  perpendicular  to  the  axis,  of  the  -root-circle  through  F, 
the  pitch-circle  through  I,  and  the  addendum-circle  through  E. 
Draw  also  about  a  the  pitch-circle  at  the  throat  of  the  hyperbolold, 
and  let  a  i"  be  its  radius.  Through  i  draw  a  straight  line,  i  %  i',  so 
as  to  touch  this  throat  pitch-circle,  and  let  that  straight  liue  cut  the 
circle  ii'ini  and  i'.  Draw  the  straight  lines//"  /'  and  t  e  e' 
parallel  to  it  i'.  Then  these  three  parallel  lines  will  be  the  pro- 
jections of  the  three  middle  lines  before  mentioned,  on  a  plane 
perpendicular  to  the  axis. 

Describe  about  a  two  circles  touching  //"/'  and  e  e"  e'  respec- 
tively. These  will  be  respectively  the  root-circle  and  tlie  addendum- 
circle  at  tlie  throat  of  tlte  hyperboloid.  The  roots  and  crests  of  all 
the  teeth  lie  in  a  pair  of  hyperboloidal  surfaces  traversing  this 
pair  of  circles,  and  traversing  also  the  pair  of  circles  through  F 
and  E. 

The  projection,  on  a  plane  traversing  the  axis,  of  the  middle  line 
of  the  tooth  on  the  pitch-surface  is  the  tangent  I  I"  already  found, 
the  points  I"  and  i"  being  in  one  straight  line  parallel  to  a  A.  To 
find  the  corresponding  projections  of  the  other  two  middle  lines, 
there  are  two  methods. 

First  Method. — From  the  points  of  contact/"  and  <?",  parallel  to 
a  A,  draw  /"  F'  and  e"  E",  cutting  at  in  F"  and  E"  respectively. 
Join  F  F"  and  E  E".     These  will  be  the  required  projections. 

Second  Metfiod. — Lay  off  on  the  axis,  oC'=oC,  and  a  A'  = 
a  A,  and  draw  C  I'  parallel  to  C  I :  then  C  I'  will  be  part  of  the 
projection  of  a  pitch-circle  equal  to  C  I.  From  t',  parallel  to 
A  a  A',  draw  i  T,  cutting  C  1'  in  I'.  Then  t  and  I'  will  be  the 
two  projections  of  one  pitch- point,  and  II"  I'  will  bo  one  straight 
line.  Join  A'  1'.  This  will  be  the  projection  of  a  normal  to  tho 
pitch-surface  at  I'.  Through  /'  and  €  (which  lie  in  one  radius, 
af  i!  e)  draw  /'  F  and  V  E  parallel  to  A  a  A',  cutting  A'  I'  in 
F'  and  E  respectively.  Join  F  F  and  E  E'.  These  will  be  the 
required  projections  of  the  middle  lines  at  the  root  and  crest  of  the 
tooth  respectively. 

IV.  Complete  Projection  of  a  Tooth  on  a  Plane  Normal  to  the  A  xis. 
— Let  the  plane  of  projection  in  fig.  105  be  normal  to  the  axis  of 
the  wheel,  and  (as  in  fig.  103)  let  a  be  the  axis  ;  let  the  circles  e  e\ 
i  i\  and  //',  be  the  projections  of  the  middle  addendurn-circlr, 
middle  pitch-circle,  and  middle  root-circle  of  the  intended  wheel ; 
let  the  circles  through  e",  f ,  and/"  be  the  corresponding  circles  at 
the  throat  of  the  pitch-surface ;  and  let  the  parallel  straight  lines 
e  e"  e,  i%  i",  fff\  be  the  projections  of  the  middle  lines  of  a 
tooth  at  the  crest,  pitch-surface,  and  root,  drawn  according  to  the 
preceding  rules. 

At  the  end  of  the  radius  afi  e  construct,  by  the  rules  already  given, 
the  projection  of  the  trace  of  the  tooth  upon  the  middle  normal 
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cane,  being  the  curve  marked  h  y  e  y  h  in  fig.  104;  aud  at  the  end 

of  the  radius  af  i'  4  construct  a  similar  and  equal  figure.      From 

*  series  of  points  in  the  figure  at  fi  e  draw  straight  lines  to  the 

corresponding  points  in  the  figure  at/'  i'  e;  each  of  those  straight 

hues  will  be  the  projection  of  a 

3*wratmg  line  of  the  surface  of  the 

tooth     Par  example,  the  straight 

Intes  from  the  corners  of  the  crest 

at  t  to  the  corresponding  corners 

of  the  crest  at  €  (both  of  which 

lines  touch  the  circle    through  e) 

will    be    the    projections   of   the 

two    edges     of    the    crest ;     the 

straight    lines    from  the  pair  of 

points  where  lie  curve  at./ 1  a 

cute  the  pitch-circle  to  the  cor- 
responding pair  of  point*  near 
/'  »'  e  (both  of  which  lines  touch 
the  circle  through  i)  will  be  the  i 
projections  of  the  lines  in  which 
the  front  and  bank  of  the  tooth 
respectively  cut  the  pitch-surface ; 
and  the  straight  lines  from  the 
bottoms  of  the  clearing  curves 
soar  /  to  the  corresponding  points 
near/'  (both  of  which  lines  touch 
the  circle  ^through  f)  will  be  the 
projections  of  the  lines  marking  the 
bottoms  of  the  hollows  of  which 
these  curves  are  the  traces. 

The  projections  of  the  outer  and 
inner  sides  of  the  tooth  (being 
{lortions  of  the  outer  aud  inner  sides  of  the  rim  of  the  wheel)  are 
figures  similar  to  the  curve  at  /  i  e,  and  constructed  by  the  same 
method  ;  the  dimensions  of  the  former  being  larger  and  those  of 
the  latter  smaller  than  the  dimensions  of  that  middle  figure,  in  the 
proportion  in  which  the  radii  of  the  outer  and  inner  pitch-circles 
are  respectively  greater  and  smaller  than  those  of  the  middle  pitch- 
circle.  (As  to  those  two  circles,  see  Article  IOC,  page  90.)  The 
tooth  in  fig.  105  is  drawn  of  an  exaggerated  breadth,  in  order  to 
show  more  clearly  the  construction  of  the  figure. 

V.  Modelling  Skew-bevel  Teeth. — Construct  a  frame  of  rods  to  re- 
present the  axis  A  A'  in  tig.  103,  the  equal  radii  C  I  and  C  T,  the 
equal  normals  A  F  I  E  and  A'  F'  I'  £',  aud  the  generating  line  II'. 
Make  a  pair  of  equal  and  similar  templets,  each  of  the  shape  and 
.dimensions  of  the  normal  section  of  a  tooth,  H  G  E  G  H,  fig.  104. 


Fig.  ids: 
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Fix  those  two  templets  to  the  frame  at  F I  E  and  F  I'  F,  fig.  103, 
with  their  flat  surfaces  parallel  to  each  other  and  normal  to  the 
rod  II'.  Then  a  straight  edge  or  a  stretched  wire,  made  to  touch 
the  edges  of  the  templets  at  a  pair  of  corresponding  points,  will 
mark  one  of  the  generating  liues  of  a  tooth ;  and  by  the  help  of 
this  apparatus,  teeth  may  be  modelled  suitable  either  for  the  pitch- 
circle  through  C,  or  for  that  through  C,  or  for  the  pitch-circle  at 
the  throat  of  the  hyperbolold,  or  for  any  other  pitch-circle  on  the 
same  hyperbolold. 

147.  The  Traunrcr*e  Obliquity  of  Skew-beret  Teeth  is  the  angle, 

P  T  N,  fig.  104,  page  148  (equal  to  O  g  F'  in  fig.  68,  page  88),  which 
the  normal  spiral  makes  with  the  pitch-circle;  or  it  may  be  other- 
wise defined  as  the  angle  which  the  generating  line  of  a  tooth  on 
the  pitch-surface  makes  with  the  generating  line  of  a  tangent  cone 
at  a  given  point,  I.  From  the  rule  for  finding  that  angle  (Article 
106,  page  89),  it  is  evident  that,  with  a  given  hy]>erboloidal  pitch- 
surface,  the  transverse  obliquity  of  the  teeth  is  greatest  at  the 
throat,  and  is  the  less  the  farther  the  middle  pitch-circle  of  the 
wheel  is  removed  from  the  throat.  Hence,  it  is  generally  advisable, 
in  designing  skew-bevel  wheels,  to  place  the  pitch-circles  as  far  as 
practicable  from  the  throats  of  the  hyperboloids,  because  obliquity 
of  action  tends  to  increase  friction. 

148.  Skevr-bcvel    WheHa    in   Double    Pain. — Skew-bevel   wheels 

possess  a  property  which  ordinary  bevel  wheels  do  not — viz.,  that 
of  being  capable  of  combination  by  double  pairs,  as  in  fig.  106.  The 
upper  part  of  the  figure  represents  a  projection  on  a  plane  parallel 
to  the  line  of  contact,  I  I',  and  to  the  common  perpendicular  of  the 
axes  F  G.  The  lower  part  of  the  figure  represents  a  projection  on 
a  plane  normal  to  the  common  perpendicular.  Small  letters  in  the 
second  projection  correspond  to  capital  letters  in  the  first  projection. 

B  and  B'  are  two  equal  and  similar  wheels  fixed  on  the  shaft 
A  A',  with  pitch-surfaces  forming  parts  of  the  same  hyperbolold, 
and  at  equal  distances  from  its  throat.  They  have  equal  and  similar 
teeth,  with  equal  obliquities  in  the  same  direction ;  and,  in  short, 
both  wheels  may  be  cast  from  the  same  pattern.  In  the  example 
given,  the  teeth  of  both  wheels  are  right-handed.  In  like  manner, 
D  and  D'  are  two  equal  and  similar  wheels  fixed  on  the  shaft  C  C; 
B  gears  with  D,  and  B'  with  D'. 

This  arrangement  may  be  useful  where  it  is  desired,  for  the  sake 
of  strength  or  of  steadiness  of  motion,  to  divide  the  force  exerted  in 
transmitting  the  motion  between  two  pairs  of  wheels. 

149.  Teeth  with  Sloping  Back*.— The  teeth  described  in  the  pre- 
ceding Articles  of  this  Section  have  their  backs  similar  to  their 
fronts,  so  that  the  motion  of  the  wheels  may  be  reversed,  the  backs 
then  acting  as  the  fronts  did  during  the  forward  motion.  There 
are  many  cases  in  mechanism  in  which  it  is  not  necessary  that  the 
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motion  of  tbe  wheels  should  ever  be  reversed;  and  in  such  cases 
the  backs  of  the  teeth  of  a  pair  of  wheels  are  required  simply  to  be 


Fig.  106. 

of  such  shapes  as  to  clear  each  other,  without  reference  to  the  trans- 
mission of  motion.  The  consequence  of  this  is,  that  although  the 
traces  of  the  backs  must  still  belong  to  the  same  class  of  curves 
with  the  traces  of  the  fronts,  their  obliquity  may  be  considerably 
increased,  the  effect  being  to  strengthen  the  teeth  at  their 
roots.* 

The  most  convenient  curves  for  the  traces  of  the  backs  of  teeth 
under  those  circumstances  are  involutes  of  a  circle,  for  which  there 
may  be  substituted  in  practice  circular  arcs  approximating  to  them; 

*  This  was  tint  pointed  out  by  Professor  "Willi*. 
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jmd  the  method  of  drawing  those  ares  k  as  follows: — Let  fig.  107 
represent  -the  trace  of  part  of  a  wheel  with  its  -teeth,  that  wheel 
being  the  smallest  wheel  of  a  set  that  are  to  be  capable  of  gearing 
together;  because  the  smallest  wheel  of  such  a  set  requires  the 
greatest  addendum :  let  C  be  the  centre,  A  A  the  addendum-circle, 


Fig.  107. 

B  B  the  pitch-circle,  D  D  the  root-circle,  and  let  E"  V  J",  E  I  J, 
E'  P  J',  be  the  fronts  of  teeth  designed  according  to  the  proper 
rules,  and  F",  F,  F',  the  pitch-points  of  the  backs  of  those  teeth. 
To  any  one  of  those  back  pitch-points,  as  F,  draw  the  ;*adius  C  F ; 
bisect  C  F  in  G,  and  about  G  draw  the  semicircle  F  K  C.  Draw  a 
straight  line,  H  K,  perpendicular  to  and  bisecting  the  distance,  E  F, 
between  the  crest  E  and  back  pitch-point  F ;  and  let  that  straight 
line  cut  the  semicircle  in  K.  About  the  centre  C,  with  the  radius 
O  K,  draw  the  circle  K"  K  K';  this  will  be  the  base-circle  of  the 
required  involutes  (see  Article  131,  jnige  121). 

To  draw  the  circular  arcs  approximating  to  those  involutes, 

lay  off,  from  the  hack  pitch-points  to  the  base-circle,  the  equal 

distances  F  X"  =  F  K'  =  F  K,  ic;  and  about  the  respective 
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centres,  K,  K',  3K*,  Ac,  draw  the  circular  arcs  E  V  L,  E  F  L', 

In  each  of  the  larger  wheels  of  the  set,  the  radios  of  ^he  base- 
-circle  for  the  backs  is  to  bear  to  the  radius  of  the  pitch-circle  the 

constant  proportion  p-^„  in  order  that  the  backs  of  the  teeth  of  all 


CF 
f  the  set  may  ha\ 


'  the  rame  obliquity — viz.,  the  angle 


the  wheels  o 
ICP. 

In  a  straight  rack  capable  of  gearing  with  any  ■wheel  of  the  set, 
the  traces  of  the  backs  of  the  teeth  are  to  be  straight  lines,  making 
with  the  pitch-line  an  angle  equal  toCFE, 

1,10.  *iip|nJ  fH afc — In  order  to  increase  the  smoothness  of  the 
action  of  toothed  wheels,  Dr.  Hooke  invented  the  making  of  the 
fronts  of  teeth  in  a  series  of  steps,  as  shown  in  fig.  108,  where  the. 
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upper  part  of  the  figure  is  a  projection  of  the  rim  of  a  wheel  with 
stepped  teeth  on  a  plane  parallel  to  the  axis,  and  the  lower  jmrt 
is  a  projection  on  a  plane  perpendicular  to  the  axis.  A  wheel 
thus  formed  resembles  in  shape  a  series  of  equal  and  similar  toothed 
discs  placed  side  by  side,  with  the  teeth  of  each  a  little  behind 
those  of  the  preceding  disc.  In  such  a  wheel,  let  p  be  the  circular 
pitch,  and  n  the  number  of  steps.  Then  the  path  of  contact,  the 
addendum,  and  the  extent  of  sliding,  are  those  due  to  the  divided 

pitch  -,  while  the  strength  of  the  teeth  is  that  due  to  the  thickness 

corresponding  to  the  total  pitch  p;  so  that  the  smooth  action  of 
small  teeth  and  the  strength  of  large  teeth  are  combined.  The 
action  of  small  teeth  is  smoother  and  steadier  than  that  of  large 
teeth,  because  they  can  be  made  to  approximate  more  closely  to 
the  exact  theoretical  figure;  and  also  because  the  sliding  motion  of 
one  tooth  upon  another  is  of  ltss  extent.  In  the  example  shown 
in  fig.  108  there  are  four  steps,  so  that  the  divided  pitch  is  one- 
fourth  of  the  total  pitch ;  and  the  path  of  contact  (£  I  F,  in  the 
lower  part  of  the  figure)  is  of  the  length  suited  to  the  divided 
pitch,  being  only  one-fourth  of  the  length  which  would  have  been 
required  had  the  fronts  of  the  teeth  not  been  stepped. 

151.  Helical  Teeth,  also  invented  by  Dr.  Hooke  with  the  same 
object,  are  teeth  whose  fronts,  instead  of  being  parallel  to  the  line 
of  contact  of  the  pitch-cylinders  of  a  pair  of  spur-wheels,  cross  that 
line  obliquely,  so  as  to  be  of  a  screw-like  or  helical  form :  in  other 
words,  they  are  teeth  of  the  figure  of  short  portions  of  screw-threads 
(Article  58,  page  3G);  the  trace  of  each  thread  on  a  plane  perpen- 
dicular to  the  axis  being  similar  to  that  of  a  stepped  tooth,  as 
shown  in  the  lower  part  of  fig.  108.  Fig.  108  a  shows  a  projection 
of  the  rim  of  a  wheel  with  helical  teeth  on  a  plane  pa  ml  lei  to 
the  axis. 

In  order  that  a  pair  of  wheels  with  parallel  axes  and  helical 
teeth  may  gear  correctly  together,  the  teeth,  besides  being  of  the 
same  circular  pitch,  must  have  the  same  transverse  obliquity ;  and 
if  iu  outside  gearing,  they  must  be  right-handed  on  one  wheel  and 
left-handed  on  the  other.  If  in  inside  gearing,  they  must  be  either 
right-handed  or  left-handed  on  both  wheels.  In  fig.  108  a  the 
teeth  are  left-handed.  Iu  wheel-work  of  this  kind  the  contact  of 
each  pair  of  teeth  commences  at  the  foremost  end  of  the  helical 
fronts,  and  terminates  at  the  aftermost  end ;  and  the  rims  of  the 
wheels  are  to  be  made  of  such  a  breadth  that  the  contact  of  one 
pair  of  teeth  shall  not  terminate  until  that  of  the  next  pair  has 
commenced. 

Helical  teeth  are  open  to  the  objection  that  they  exert  a  laterally 
oblique  pressure,  which  tends  to  increase  friction. 

When,  in  designing  a  skew-bevel  wheel,  a  portion  of  the  tangent 
cvliudev  at  the  throat  of  the  hyperbolold  (Article  106,  page  87 ; 
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and  Article  85,  page  73)  is  used  as  an  approximation  to  the  true 
pitch-surface,  the  teeth  of  that  wheel  become  screw-threads,  having 
a  transverse  obliquity  determined  by  the  principles  of  Article  147, 
page  152;  and,  as  has  been  already  stated  in  the  article  referred  to, 
they  are  either  right-handed  or  left-handed  in  both  wheels. 

152.  Screw  ami  Nni. — The  figure  of  a  true  screw,  external  or 
internal,  and  the  motion  of  a  screw  working  in  a  corresponding 
screw-shaped  bearing,  have  been  described  in  Articles  57  to  66, 
pages  36  to  42.  In  the  elementary  combination  of  an  external  and 
internal  screw,  more  commonly  called  a  ecrexo  and  nut,  the  two 
pieces  have  threads,  one  external  and  the  other  internal,  of  similar 
figures  and  equal  dimensions,  so  as  to  fit  each  other  truly ;  and  one 
of  them  turns  about  their  common  axis  without  translation,  while 
the  other  slides  parallel  to  that  axis  without  rotation.  The  best 
form  of  section  for  the  threads  is  rectangular.  The  comj>arative 
motion  is,  that  the  sliding  piece  advances  through  a  distance  equal 
to  the  pitch  (viz.,  the  "  total  axial  pitcft")  during  each  revolution  of 

the  turning  piece.     If  the  threads  are  <   i  ft  j,  ^  5  '  I  *ne  sliding 
piece  is  made  to  move  towards  an  observer  at  one  end  of  the  axis 

b*  {  te^and^ }  rotation'  aud  to  move  from  him  ^  {  right- 

handed  ) 

handed  l  ration,  °f  *ne  turning  piece.     The  combination  belongs 

to  Mr.  Willis's  Class  A,  because  the  velocity-ratio  is  constant ;  aud 
the  extent  of  the  motion  is  limited  by  the  length  of  the  screw. 

153.  Screw  Wheei-w«rk  in  General. — Screw  wheel -work  consists 
of  wheels  with  cylindrical  pitch-surfaces,  having  screw-threads  or 
helical  teeth  instead  of  ordinary  teett  One  case  of  screw-gearing 
has  been  described  in  Article  151,  page  156 — viz.,  that  in  which 
the  axes  are  parallel.  The  cases  to  which  this  and  the  following 
articles  relate  are  those  in  which  the  axes  are  not  parallel;  so 
that  the  pitch-surfaces  in  an  elementary  combination  are  a  pair 
cylinders  touching  each  other  in  one  pitdi-point,  like  those  repre- 
sented in  Article  85,  fig.  55,  page  73.  The  pitch-point  (O',  fig.  55) 
is  obviously  in  the  common  perpendicular  of  the  two  axes  (JF  G', 
iig.  55) ;  and  there  is  one  straight  line  traversing  the  pitch-point 
(O  C%  fig.  55),  which  is  a  tangent  at  once  to  the  two  pitch- 
cylinders  and  to  the  acting  surfaces  or  fronts  of  each  pair  of 
threads  at  the  instant  when  those  surfaces  touch  each  other  at  the 
pitch-point :  that  straight  line  may  be  called  the  line  of  contact. 
The  angles  of  inclination  of  the  screw-threads  to  the  two  axes  (see 
Article  G3,  page  40)  are  equal  respectively  to  the  angles  made  by 
the  line  of  contact  with  those  axes.  The  pitch-circles  of  the  two 
screws  are  the  two  circular  sections  of  the  pitch-cylinders  which 
traverse  the  pitch-point     The  plane  of  connection,  ot  PlAsre*  Q* 
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action,  is  ir  plane  traversing  the  pitch-point  normal  to  the  line  of* 
contact :  that  plane,  of  course,  traverses  the  common  perpendicular  - 
of  the  axes. 

When  the  line  of  contact  is  found  by  the  rule  given  in  Article  - 
84,  page  71,  the  cylindrical  pitch-Burfaces  represent  the  tangent* 
cylinders  at  the  throats  of  a  pair  of  hyperboloids ;  and  the  screw- 
threads  are  approximations  to  the  skew-bevel  teeth  suited  for  that 
combination,  as  already  stated  in  Article  151,  page  156.  But  in 
many  cases  the  line  of  contact  has  positions  greatly  differing  from 
this;  and  then  the  comparative  motion  becomes  different  from  that 
of  a  pair  of  skew-bevel  wheels ;  the  object  of  screw-gearing  in  such 
cases  being  to  obtain,  with  a  given  pair  of  cylindrical  pitch- 
surfaces,  a  velocity-ratio  of  rotation  independent  of  the  radii  of 
those  surfaces;  and  such  is  the  difference  between  approximate 
skew-bevel  gearing  and  screw  gearing  in  general. 

In  every  elementary  combination  in  screw  wheel -work,  each  of 
the  two  pieces  is  at  once  a  screw  and  a  wheel ;  but  it  is  customary, 
when  their  diameters  are  very  different,  to  call  that  which  has  the 
smaller  diameter  the  endless  screw,  or  worm,  and  that  which  has 
the  greater  diameter  the  worm-wheel.  For  example,  in  tig  111 
(farther  on)  a  is  the  worm,  or  endless  screw,  and  A'  the  worm- 
wheel.  The  word  "  endless  "  is  used  because  of  the  extent  of  the 
motion  being  unlimited. 

Screw  wheel- work  belongs  to  Mr.  Willis's  Class  A,  the  velocity- 
ratio  being  constant. 

The  following  are  the  general  principles  of  elementary  combine 
tions  in  screw  wheel- work :  — 

I.  The  angular  velocities  of  the  two  screws  are  inversely,  and 
their  times  of  revolution  directly,  as  the  numbers  of  threads; 
whence  it  follows  that  the  angular  velocity-ratio  must  be  expressible 
in  whole  numbers,  as  in  the  case  of  ordinary  toothed  wheels. 

II.  The  divided  normal  pitch  (see  Article  66,  page  42),  as 
measured  on  the  pitch-cylinders,  must  be  the  same  in  two  screws 
that  gear  together. 

IIL  The  common  component  of  the  velocities  of  a  pair  of  points 
in  the  two  screws  at  the  instant  when  those  two  points  touch 
each  other  and  pass  the  pitch-point,  is  perpendicular  to  the  line  of 
contact  and  to  the  common  perpendicular  of  the  axes;  in  other 
words,  it  coincides  with  the  intersection  of  the  plane  of  connection 
and  the  common  tangent-plane  of  the  two  pitch-cylinders. 

IV.  The  circular  or  circumferential  pitches  of  the  two  screws 
(Article  42,  page  66),  as  measured  on  their  pitch-cylinders,  are 
proportional  to  the  total  velocities  of  points  (called  the  surface 
velocities)  in  those  cylinders ;  and  they  bear  the  same  proportion  to 
the  divided  normal  pitch  that  those  total  velocities  bear  to  their. 
common  component 
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V.  The  rdalvoe  transverse  sliding  of  a  pair  of  threads  that  am  in- 
action takes- place  along  the  line  of  contact 

It  will  be  shown  in  the  next  article  that  for  a  given  pair  at 
axes  and  a  given  angular  velocity-ratio  the  relative  transverse- 
sliding  is  least  when  the  pitch-cylinders  are  the  tangent-cylinders* 
at  the  throats  of  a  pair  of  skew-bevel  hyperboloids. 

110  the  plane  of  projection  is  supposed  to  be  the  common  tangent- 
plane  of  the  two  pitch-cylinders;  and  I  represents  the  pitch-point; 
which  is  also  the  trace  and  projection  of  the  common  perpendicular 
of  the  two  axes. 

I.  Given,  Use  projections  of  the  tiao  axes,  tlia  angular  velocity- 
ratio,  and  tfie  radii  of  the  tioo  pitcJi-cylinderS)  to  find  the  propor- 
tionate values  of  their  surface-velocities,  and  the  proportionate  * 
value  and  direction  qftlte  velocity  of  transverse  sliding.  The 
two  cylinders  may  be  called  respectively  A  and  a. 

In  tig.  109,  let  I  A  and  I  a  represent  the  projections  of  v 
the  two  axes.  Along  those  projections  lay  off  lengths  I  A, 
I  a,  proportional  to  the  two  angular  velocities  of  rotation, 
and  pointing  in  the  direction  in  which  an  observer  must 
look  from  I  in  order  to  make  both  rotations  seem  right- 
handed.  Draw  the  straight  line  A  a,  and  divide  it  at  K 
into  two  parts  inversely  proportional  to  the  radii  of  the 
two  pitch -cylinders;  in  other  words,  let  B  and  b  denote 
the  radii  of  the  cylinders  A  and  a  respectively,  so  that 
B  +  b  is  the  length  of  the  common  perpendicular,  or  line 
of  centres;  and  let  K  divide  A  a  in  the  following  propor- 
tion:— 

B  +  b  :  B  :  b 
Aa  : Ka : K  A 


Complete  the  parallelogram  IYKuj  then  IT,  It',  and 
the  diagonal  I  K,  will  be  respectively  proportional  and 
perpendicular  to  the  surface  velocity  of  the  cylinder  A, 
the  surface  velocity  of  the  cylinder  a,  and  the  velocity  of 
relative  transverse  sliding  at  the  pitch-point  I. 

Or  otherwise,  by  calculation ;  let  --  be  the  ratio  of  the 

A. 
7  a  h 

angular  velocities,  and  ^  that  of  the  radii;  then  -r-=z  is 

obviously  the  ratio  of  the  surface  velocities. 

It  is  obvious  that  for  a  given  pair  of  axes  and  a  given 
pair  of  angular  velocities  the  velocity  of  transverse  sliding 
is  least  when  I  K  is  perpendicular  to  A  a.      But  A  a  is    (t\ 
parallel  to  the  line  of  contact  of  a  pair  of  hyperboloidal  Fig.  1091 
pitch-surfiuw  for  skew-bevel   wheels   having   the  given 
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velocity-ratio ;  and  this  is  the  demonstration  of  the  statement  in 
the  preceding  article,  that  screws  which  coincide  approximately 
with  skew-bevel  wheels  give  the  least  possible  transverse  slidiug 
of  the  threads  for  a  given  pair  of  axes  and  a  given  velocity-ratio 
(see  page  159). 

The  proportionate  value  of  the  common  component  of  the  surface 
velocities  may  be  represented  by  the  length  of  a  perpendicular  let 
fall  from  either  V  or  t?  upon  I  K;  but  the  next  rule  gives  a  more 
convenient  way  of  representing  both  it  and  the  transverse  sliding. 

II.  To  dravd  the  line  of  contact,  and  to  find  the  proportions  borne 
to  the  surface  velocities  by  tJteir  common  component,  and  by  the  trans- 
verse sliding  ;  also  Hie  proportions  borne  to  eacJi  other  by  tlie  circular 
pitches,  Hie  divided  axial  pitcJies,  and  tfie  divided  normal  pitch. 


<**'$ 


^--"A  jT\ 


J 

Fig.  110. 

In  fig.  110  (as  in  fig.  109),  let  I  represent  the  pitch-point,  and 
I  A  and  I  a  the  projections  of  the  two  axes.  Perpendicular  to  I  A 
and  I  a  resj>ectively,  draw  I  C  and  I  c,  of  the  proper  lengths,  and 
in  the  proper  directions,  to  represent  the  surface  velocities  of  the 
two  pitch-cylinders  at  the  point  I;  draw  the  straight  line  Cc, 
cutting  the  projections  of  the  two  axes  in  P  and  p  respectively; 
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and  upon  C  c  let  fall  the  perpendicular  I  N  (which  will  obviously 
be  parallel  to  I  K  in  fig.  109).     Through  I  draw  T  I  T  i>arallel  to 

Then  TIT  will  be  Oie  line  of  contact  /IN  will  represent  (lie 
common  component  of  Hue  surface  velocities  (and  will  also  be  the 
trace  of  the  plane  of  connection);  Qc  will  represent  the  velocity  of 
transverse  sliding;  and  the  proportions  of  the  several  divided 
pitches  will  be  as  follows : — 

I  C  :  circular  pitch  of  A. 
:  :  I  c  :  circular  pitch  of  a. 
:  :  I  P  :  divided  axial  pitch  of  A. 
:  :  I  p  :  divided  axial  pitch  of  a. 

: :  I  N  :  divided  normal  pitch  of  both  screws. 

• 

The  figure  may  be  regarded  as  part  of  the  development  of  both 
screws  upon  the  common  tangent  plane  of  their  pitch- cylinders. 
(See  Article  63,  page  40.  As  to  Racks,  see  Addendum,  page  289.) 

The  absolute  lengtlis  of  the  circular  pitches  are  found  by  dividing 
the  pitch-circles  into  suitable  numbers  of  equal  parts,  precisely  as  in 
the  case  of  spur-wheels  (see  Articles  112  to  121,  pages  103  to  114); 
and  from  them,  by  the  aid  of  the  proportions  given  by  tig.  110,  the 
absolute  lengths  of  the  divided  axial  pitches  and  of  the  divided 
normal  pitch  are  easily  found.  For  the  total  axial  pitch  of 
either  screw,  multiply  the  divided  axial  pitch  by  the  number  of 
threads. 

III.  To  find  Hie  radii  of  curvature  of  Hie  normal  screw-lines.  The 
normal  helix,  or  normal  screw-line  (see  Article  65,  page  41),  of  each 
of  the  two  screws  touches  I  N  at  the  pitch-point  1 ;  and  the  plane 
of  connection  of  which  I  N  is  the  trace  is  the  common  osculating 
plane  of  the  two  normal  screw-lines  at  I.  Their  radii  of  curvature 
at  that  point  both  coincide  with  the  common  perpendicular  of  the 
axes.  The, rule  for  Eliding  such  radii  (Articles  64  and  65,  page  41), 
when  applied  to  this  case,  takes  the  following  form : — On  I  C  lay 
off  I  B  to  represent  the  radius  of  the  pitch-cylinder  A;  then  per- 
pendicular to  I  C  draw  B  D  parallel  to  I  A,  cutting  IN  in  D ; 
then  perpendicular  to  I  N  draw  D  It,  cutting  I  C  in  R;I  R  will 
be  the  radius  of  curvature  of  the  normal  helix  of  the  screw  A. 
A  similar  construction,  substituting  small  for  capital  letters,  serves 
to  find  I  r,  the  radius  of  curvature  of  the  normal  helix  of  the 
screw  a. 

Fig.  Ill  represents  two  projections  of  the  pitch-cylinders  of  a 
pair  of  screws  designed  by  the  rules  which  have  just  been  given, 
and  shows  also  the  helical  lines  in  which  the  fronts  of  the  threads 
cut  those  pitch-cylinders.  The  upper  part  of  the  figure  is  a  pro- 
jection on  the  plane  of- action,  whose  trace,  in  fig.  110,  is  I  N. 
A'  a'  is  the  common  perjiendicular  of  the  two  axes,  &uA  1  Wife 
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pitch-point;  N'N'is  the  trace  of  the  common  tangent  plane  of  the  two 
pitch-cylinders;  and  tha  arrow  shows  the  direction  of  the  common 
component  of  their 
surface  velocities 
at  the  point  I'.  It 
and  r  are  the  centres 
of  curvature  of  the 
two  normal  screw- 
lines  at  the  point 
I';  and  S  Sands*, 
described  about  R 
and  r  respectively, 
are  their  two  oscu- 
lating circles,  whose 
radii,  I'  R  and  I'  r, 
are  found  by  Rule 


m. 

The  lower  part 
of  the  figure  is  * 
projection  on  the 
(» common  tangent 
plane  of  the  pitch- 
cylinders.  A  A  and 
a  a  are  the  pro- 
jectionsof  their  two 
axes;  T  I  T  is  the 
line  of  contact; 
N  I  N  is  the  trace 
of  the  plane  of 
action ;  and  the 
arrow  marks  the 
direction  of  the 
common  component 
of  the  surface 
velocities  at  the 
pitch -point  L 

In  the  particular 
example  repre- 
sented by  figs.  109, 
110,  and  111,  the 
following  are  the 
principal  data  and 
proportions : — 


Velocity-ratio  ■?   = 
Number  of  threads  of  A,  40  j  ol  a,  1  -. 
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Ratios  of  radii  and  line  of  centres, 

B  +  b  :B  :b 
:  :     11     :  10    :  1 

Both  screws  right-handed. 

155.  Figures  of  Threads  found  by  means  of  Normal  Screw-Unes.— 

By  the  following  process  threads  may  be  designed  for  any  gearing 
acrew,  so  that  they  shall  gear  correctly  with  threads  designed  on 
the  same  principle  for  any  other  screw  of  the  same  normal  pitch. 

Let  the  screw  to  be  provided  with  threads  be,  for  example,  the 
screw  A  of  fig.  111.  Draw,  by  Rule  III.  of  Article  154,  page  161, 
the  osculating  circle,  S  I'  S,  of  its  normal  screw-line.  Lay  off  the 
normal  pitch  upon  that  osculating  circle,  and  design  the  figure  of  a 
tooth  and  two  half-spaces  of  that  pitch,  with  the  proper  addendum 
and  depth,  as  if  the  osculating  circle  were  the  pitch-circle  of  a  spur- 
wheel  ;  the  figure  so  drawn  will  be  the  normal  section  of  a  thread, 
being  the  trace  of  the  thread  upon  a  surface  which  cuts  it  at  right 
angles;  and  by  the  help  of  that  section  the  threads  may  be  made 
of  the  correct  figure. 

The  normal  sections  of  the  acting  surfaces  of  a  thread  may  be 
either  involutes  of  circles  (Articles  131,  133,  pages  120  to  128),  or 
epicycloids  (Articles  136  to  140,  pages  130  to  137).  All  screws 
with  involute  threads  of  the  same  divided  normal  pitch  gear  correctly 
together,  and  may  be  said  to  belong  to  one  set;  and  they  have  the 
same  property  with  involute  toothed  wheels,  of  admitting  of  some 
alteration  of  the  distance  between  the  axes.  All  screws  of  the 
same  divided  normal  pitch  having  epicycloidal  teeth  described  by 
the  same  rolling  circle  gear  correctly  together,  and  may  be  said  to 
belong  to  one  set. 

This  method  of  designing  the  threads  of  gearing  screws  is  believed 
to  be  now  published  for  the  first  time. 

156.    Figure*  of  Threads  designed  on  a  Plane  Normal  to  one  Axis* 

— In  many  cases  which  occur  in  practice  the  axes  of  the  two 
screws  are  perpendicular  to  each  other ;  so  that,  in  fig.  110,  page  160, 
A  I  P  and  alp  are  at  right  angles,  1  C  coincides  with  Ip,  and 
I  c  coincides  with  IP;  and  therefore  the  divided  axial  pitch  of 
either  screw  is  equal  to  the  circular  pitch  of  the  other.  In  such  cases, 
and  especially  where  the  diameters  of  the  pitch -cylinders  are  very 
unequal,  so  that  the  larger  screw  is  called  a  worm-wheel,  and  the 
smaller  an  endless  screw,  it  is  often  convenient  to  design  the  traces 
of  the  threads  on  a  plane  normal  to  the  axis  of  the  worm-wheel, 
and  traversing  the  axis  of  the  endless  screw ;  and  then  it  is  evident 
(as  Mr.Willis  appears  to  have  been  the  first  to  show)  that  if  the 
traces  of  the  threads  of  the  worm-wheel  be  made  like  those  of  a 
spur-wheel  of  the  same  radius  and  pitch,  and  those  of  the  threads 
of  the  screw  like  the  traces  of  the  teeth  of  a  rack  suited  to  %<fcfcx 
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with  that  spur-wheel,  the  worm-wheel  and  screw  will  gear  correctly 
together. 

Fig.  112  represents  a  worm-wheel  and  endless  screw. 

The  lower  part  of  the  figure  is  a  diagram  drawn  on  the  common 
tangent  plane  of  the  pitch-cylinders.     I  is  the  pitch-point;  I  C  is 


^ 


Fig.  11!. 


the  divided  axial  pitch  of  the  endless  screw,  being  also  the  develop- 
ment of  the  circular  pitch  of  the  worm-wheel;  1  c  is  the  divided 
axial  pitch  of  the  worm-wheel,  being  also  the  development  of  the 
circular  pitch  of  the  endless  screw.  I  N,  perpendicular  to  C  c,  is 
the  development  of  the  divided  normal  pitch  of  both  screws;  aud 
C  c  is  the  extent  of  transverse  sliding  which  takes  place  while  an 
urc  equal  to  the  pitch  passes  the  pitch-point. 
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In  the  left-hand  division  of  the  upper  part  of  the  figure 
the  plane  of  projection  is  normal  to  the  axis,  A',  of  the  worm- 
wheel,  and  traverses  the  axis,  a'  a',  of  the  endless  screw.  The 
circle  B  B  is  the  trace  of  the  pitch-cylinder  of  the  wheel;  the 
straight  line  b  b  is  the  trace  of  the  upper  side  of  the  pitch- 
cylinder  of  the  screw ;  and  those  traces  touch  each  other  in  the 
pitch-point  I'.  The  threads  of  the  wheel,  and  those  at  the  upper 
side  of  the  screw,  are  shown  in  section ;  the  traces  of  the  threads  of 
the  wheel  are  like  those  of  the  teeth  of  a  spur-wheel  having  the  same 
circular  pitch,  and  B  B  for  a  pitch-circle ;  the  traces  of  the  threads 
of  the  screw  are  like  those  of  the  teeth  of  a  rack  suited  to  gear  with 
that  spur-wheel,  and  having  b  b  for  its  pitch-line.  The  addendum- 
circle,  £  E,  of  the  worm-wheel,  and  the  addendum-line,  e  e,  of  the 
endless  screw,  are  drawn  as  for  a  spur-wheel  and  rack.  The  lower 
parts  of  the  threads  of  the  endless  screw  are  shown  in  projection. 
In  the  example  given,  both  wheel  and  screw  have  right-handed 
threads;  the  number  of  threads  of  the  screw  is  two;  of  the  wheel, 
40;  and  the  screw  is  represented  as  driving  the  wheel.  The  right- 
hand  division  of  the  upper  part  of  the  figure  shows  the  wheel  in 
section  and  the  screw  in  projection ;  and  the  plane  of  projection 
traverses  the  axis,  A",  of  the  wheel,  and  is  normal  to  the  axis,  a',  of 
the  screw;  I"  is  the  pitch-point. 

The  traces  of  the  threads  of  the  wheel  in  the  left-hand  division 
of  the  upper  part  of  the  figure  are  involutes  of  a  circle,  and  those 
of  the  threads  of  the  screw  are  straight  lines.  That  shape,  as  in 
the  case  of  spur-wheels,  enables  the  distance  between  the  axes  to 
be  varied  to  a  certain  extent  without  affecting  the  accuracy  of  the 
action.  But  any  shapes  suited  for  the  teeth  of  wheels  and  racks 
may  be  employed 

If  a  set  of  worm-wheels  be  made  of  the  same  circular  pitch  and 
obliquity  of  thread,  and  having  the  traces  of  the  threads  all 
involutes  or  all  epicycloids,  traced  by  the  same  rolling  circle;  and 
if  a  set  of  endless  screws  be  made,  all  of  the  same  divided  axial 
pitch,  equal  to  the  circular  pitch  of  the  wheels,  and  of  an  obliquity 
of  thread  equal  to  the  complement  of  the  obliquity  of  the  threads 
of  the  wheels,  and  having  the  traces  of  the  teeth,  as  the  case  may 
be,  all  straight  lines  of  the  proper  obliquity,  or  all  epicycloids  traced 
by  the  same  rolling  circle  that  is  used  to  trace  the  threads  of  the 
wheels,  then  any  one  of  the  wheels  will  gear  correctly  with  any 
one  of  the  screws. 

157.  Ci«M-Fiiiing  Tangeat  Screw*. — In  many  cases  the  object  of 
Rcrew-gearing  is  not  the  economical  transmission  of  motive  power, 
but  the  production  of  small  angular  motions  with  great  accuracy : 
as,  for  example,  when  the  principal  wheel  of  a  dividing  engine,  or 
that  of  a  machine  for  pitching  and  cutting  the  teeth  of  wheels,  or 
the  wheel  or  sector  which  adjusts  the  direction  o£  atav&a  <A  fe 
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cutting  tool  in  a  shaping  machine,  is  driven  by  a  "tangent-screw" 
aituated  relatively  to  the  wheel  in  the  manner  already  shown  in 
fig.  112.  In  such  cases  the  screw  has  not  only  to  move  the  wheel 
into  any  required  position,  but  to  hold  it  there;  and  therefore  it  is 
essential  that  there  should  be  no  back-lash.  In  order  to  ensure 
this,  together  with  the  requisite  precision  of  action,  an  exact  copy 
of  the  tangent- screw  is  made  of  steel,  the  edges  of  its  thread  are 
notched,  and  it  is  hardened,  so  that  it  becomes  a  cutting  tool :  it 
is  then  mounted  in  a  suitable  frame,  so  as  to  gear  with  the  roughly 
formed  teeth  or  threads  of  the  wheel,  and  turned  so  as  to  drive  them ; 
in  the  course  of  which  operation  it  cuts  them  to  the  proper  figure. 
The  axis  of  the  cutting  screw  is  placed  at  first  at  a  distance  from 
the  axis  of  the  wheel  somewhat  greater  than  the  intended  per- 
manent distance ;  and  after  each  complete  revolution  of  the  wheel 
the  axes  are  brought  a  little  nearer  together,  until  the  permanent 
•distance  is  attained ;  and  by  turning  the  screw  in  this  last  position 
the  shaping  of  the  teeth  or  wheel- threads  is  finished.  From  the 
property  of  threads  with  traces  similar  to  those  of  involute  teeth, 
which  has  already  been  mentioned  in  Article  15G,  page  165,  it  is 
evident  that  this  class  of  figures  is  peculiarly  well  suited  to  cases 
in  which  the  tangent-screw  is  made  to  cut  the  wheel,  because  of 
the  gradual  diminution  of  the  distance  between  the  axes  which 
takes  place  during  the  process  of  cutting. 

158.  Oldham'*  C'Mpttag.— A  coupling  is  a  mode  of  connecting  a 
pair  of  shafts  so  that  they  shall  rotate  in  the  same  direction,  with 
the  same  mean  angular  velocity.  If  the  axes  of  the  shafts  are  in 
the  same  straight  line,  the  coupling  consists  in  so  connecting  their 
•contiguous  ends  that  they  shall  rotate  as  one  piece;  but  if  the 

axes  are  not  in  the  same  straight  line, 
combinations  of  mechanism  are  re- 
quired. Various  sorts  of  couplings  will 
be  described  and  compared  together  in 
a  later  division  of  this  treatise.  The 
present  Article  relates  to  a  coupling  for 
parallel  shafts,  invented  by  Oldham, 
which  acts  by  sliding  contact.  It  is 
represented  in  fig.  113.  Cv  C2  are  the 
axes  of  the  two  parallel  shafts;  Dv  D2, 
two  discs  facing  each  other,  fixed  on 
the  ends  of  the  two  shafts  respectively ; 
K  K,  a  bar  sliding  in  a  diametral 
groove  in  the  face  of  D1;  ^  Ej,  a  bar  sliding  in  a  diametral 
groove  in  the  face  of  D2 :  those  bars  are  fixed  together  at  A,  at 
right  angles  to  each  other,  so  as  to  form  a  rigid  cross.  The  angular 
velocities  of  the  two  discs  and  of  the  cross  are  all  equal  at  every 
instant;  the  middle  point  of  the  cross,  at  A,  revolve*  in  the  dotted 
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circle  described  upon  the  line  of  centres,  Cl  C2,  as  a  diameter,  twice 
for  each  turn  of  the  discs  and  cross;  the  instantaneous  axis  of 
rotation  of  the  cross  at  any  instant  is  at  I,  the  point  in  the  circle 
C}  C2  diametrically  opposite  to  A ;  and  each  arm  of  the  cross  slides 
in  its  groove  through  a  distance  equal  to  twice  the  line  of  centres 
during  each  half  revolution,  or  twice  the  line  of  centres  and  back 
again — that  is,  four  times  the  line  of  centres — during  each  revolution. 
Oldham's  coupling  belongs  to  Mr.  Willis's  Class  A.  The  cross 
may  be  strengthened  by  making  its  two  bars  take  the  form  of 
projecting  diametral  ridges  on  opposite  sides  of  a  third  circular 
disc  Or  the  cross  may  consist  of  two  grooves  in  the  opposite  sides 
of  such  a  disc,  and  instead  of  grooved  discs,  the  two  shafts  may 
carry  cross  bars  fitting  the  grooves  of  the  cross. 

159.  Phi  ami  straight  Slot. — The  communication  of  a  uniform 
velocity-ratio  by  the  slidiug  contact  of  a  round  pin  with  the  sides 
of  a  slot  or  groove  has  already  been  described  in  Article  141,  page 
137.     A  velocity-ratio  varying  in  any  manner  may  be  communicated 
by  making  the  slot  of  a  suitable  figure,  the  principle  of  the  com- 
bination being,  that  the  line  of  connection  is  a  normal  to  the  centre 
line  of  the  slot,  traversing  the  centre  line  of  the  pin.     The  present 
Article   relates  to   cases  in  which  the  slot  is  straight  and  the 
velocity-ratio  variable.     Three  such  cases  are  illustrated  by  figs. 
114,   115,  and  116,  further  ou.     Fig.    114  represents  a  coupling, 
belonging  to  Mr.  Willis's  Class  B,  where  two  shafts  turn  about 
the    parallel  axes  A  and  B  with  equal  mean  angular  velocities, 
though  the  angular  velocity-ratio  at  each  instant  is  variable.     Fig. 
115  shows  a  crank  turning  continuously  about  the  axis  A,  and 
carrying  a  pin,  C,  which,  by  means  of  the  slot  F  G,  drives  a  lever 
which  rocks  or  oscillates  about  the  axis  B.     Fig.  116  shows  a 
crank  turning  continuously  about  the  axis  A,  and  carrying  a  pin, 
C,  which,  by  means  of  the  slot  F  G  in  the  cross-head  of  the  rod  B, 
gives  a  reciprocating  sliding  motion  to  that  rod.     The  last  two 
combinations  belong  to  Mr.  Willis's  Class  C. 

In  practice,  for  the  purpose  of  diminishing  friction  and  pre- 
venting back-lash,  it  is  usual  to  make  the  pin  turn  in  a  bush  which 
slides  in  the  slot;  but  that  bush  is  not  shown  in  the  figures. 

The  following  are  the  principles  of  the  action  of  those  three 
combinations : — 

I.  Coupling  (fig.  114). — In  order  that  the  directional  relation  of 
the  rotations  may  be  constant,  the  crank-arm,  A  C,  must  be  greater 
than  the  line  of  centres,  A  B. 

With  a  given  crank-arm,  A  C,  to  find  the  position  of  the  axis  B 
of  the  slot-lever,  so  that  the  crank  and  slot-lever  shall  alternately 
overtake  and  fall  behind  each  other  by  a  given  angle : — With  the 
radius  A  C  describe  the  circle  D  C  E,  and  draw  the  diameter 
DAE,  with  which  the  line  of  centres  is  to  coincide.    Ia"J  oft 
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E  A  H  =  E  A  /»  =  the  complement  of  the  given  angle,  and  draw 
H  B  A  perpendicular  toDAK  B  will  be  the  trace  of  the  re- 
quired axis. 

At  the  instant  when  the  centre  of  the  pin  ia  at  H  or  h,  the 

angular    velocities   are    equal; 

i..,  and  A  H  B  =  A  h  B  is  the 

1  Sv  given  angle  beforeinentioned. 

With  a  given  position,  C,  of 

the  centre  of  the  pin,  to  tind 

the  angular  velocity  ■  ratio : — 

From  V,  perpendicular  to  the 

centre  line,  B  C,  of  the  slot, 

draw  the  line   of  connection, 

C  I,  cutting  the  line  of  centres 

in  I ;  then 

Angular  velocity  of  B  _  A  I 
Angular  velocity  of  A  B  I' 
or  otherwise:  draw  A  P  par- 
allel to  B  C  and  perpeudiculur 
toC  I;  then 
Angular  velocity  of  B 
Angular  velocity  of  A 
this  ratio  occur  when  the  1 


AP 
'  B  L" 


T"«{S«"l»i«.< 


1  pin  1 


\  ^.\  respectively;  and  they  are  as  follows:— 


A_D  _ 

'BD'AC+AB' 


AC-AB' 
AC 


The  travel  or  lengtit  of  sliding  of  tin  pin  in  tlie  slot  is 
FG  =  BF-BG  =  BD-BE; 

and  this  takes  place  twice  in  each  revolution. 

II.  Crank  and  Slotted  Lever  (fig.  115). — As  the  crank-arm,  A  C, 
in  fig.  115,  is  shorter  than  the  line  of  centres,  A  B,  the  slotted 
lever,  B  G  F,  has  a  reciprocating  or  rocking  motion. 

With  a  given  line  of  centres,  A  B,  and  a  given  semi-amplitude 
or  angular  half-stroke  of  the  rocking  motion  of  the  lever,  A  B  K 
=  A  B  ft,  to  find  Hie  length  of  crank-arm: — From  A  let  fall  A  K 
perpendicular  to  B  K,  or  A  ft  perpendicular  to  B  ft;  A  K  =  A  ft 
will  be  the  required  crank-arm. 

X  and  ft  will  be  the  two  dead  poinU;  that  is  to  say,  the  positions 


PIN  AND  SLOT. 


16D 


»/ 
»/ 


of  the  centre  of  the  pin  at  the  two  instants  when  the  lever  has  no 
velocity,  having  just  ceased  to  move  in  one  direction,  and  being 
just  about  to   begin  to  move    in    the 
opposite  direction. 

To  find  the  angular  velocity-ratio  at 
the  instant  when  the  centre  of  tho  pin  is 
in  a  given  position,  C : — Draw  the  corre- 
sponding position,  BCF,  of  the  centre 
hue  of  the  slot,  and  perpendicular  to  it 
draw  C  I,  cutting  the  line  of  centres  in 
I;  then 

Angular  velocity  of  lever        A  I 
Angular  velocity  of  crank       B  I" 

To  find  the  travel  of  the  pin  in  the 

dot,  lay  off  B  G  =  B  E,  and  B  F  =  B  D;  kL, 

G  and  F  will  be  the  two  ends  of  the     / 

travel  of  the   centre   of  the  pin;   and     » 

F0=DE  =  2AC  will  be  the  leugth     \ 

of  travel.  \ 

III.  Crank  and  Slot-headed  Sliding 

Rod  (tig.  116). — The  crunk-arm,  A  C,  in 
this  case  is  to  be  made  equal  to  one-half  Fig.  115. 

of  the  intended  length  of  stroke  of  the 

sliding  rod,  B.  Draw  the  circle  described  by  C,  the  centre  of  the 
pin,  and  let  k  A  K  be  the  diameter  of  that  circle  which  is  parallel 
to  the  direction  of  motion  of 

the  rod ;  then  K  and  k  will  ^j^..-.^..^ 

be  the  dead  points ',  or  jiosi-  — 

tions  of  the  centre  of  the  pin 
at  the  two  instants  when  the 
rod  has  no  velocity.  To  find 
the  velocity-ratio  of  the  rod 
and  crank-pin  when  the 
centre  of  the  crank-pin  is  in 
a  niven  position,  C:  perpen- 
dicular to  the  direction  of 
motion  of  the  rod  draw  the 
diameter  DAE;  this  line 

will  correspond  to  the  line  of  centres  in  the  preceding  problems; 
then  through  C,  and  perpendicular  to  the  centre-line,  F  G,  of  the 
slot,  draw  the  line  of  connection,  C  I,  cutting  DAE  in  I;  tho 
following  will  be  the  required  velocity-ratio : — 

Velocity  of  rod,  B  A  I 

Velocity  ot  centre  of  pin,  C"  AC' 
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The  extent  of  travel  of the  pin  in  the  dot  is  F  G=DE  =  2AC. 

160.  Cam  m«i  wiper*  la  ««Mrai.- Cams  and  wipers  are  those 
primary  pieces,  with  curved  acting  surfaces,  which  work  in  sliding 
contact  without  being  related  to  imaginary  pitch-surfaces,  as  the 
teeth  of  wheels  and  threads  of  screws  are.  The  distinction  between 
a  cam  and  a  wiper  is,  that  a  cam  in  most  cases  is  continuous  in  its 
action,  and  a  wiper  is  always  intermittent;  but  a  wiper  is  some- 
times called  a  cam  notwithstanding.  A  cam  is  often  like  a  non- 
circular  sector  or  wheel  in  appearance;  a  wiper  is  often  like  a 
solitary  tooth.     (As  to  "rolling  cams,"  see  Article  110,  page  99.) 

The  solutions  of  all  problems  respecting  the  velocity -ratio  and 
directional  relation  in  the  action  of  cams  and  wipers  are  obtained 
by  properly  applying  the  general  principle  of  Article  122,  page  114. 

In  most  cases  which  occur  in  practice,  the  condition  to  be 
fulfilled  in  designing  a  cam  or  a  wiper  does  not  directly  involve  the 
velocity-ratio,  but  assigns  a  certain  series  of  definite  positions 
which  the  follower  is  to  assume  when  the  driver  is  in  a  correspond- 
ing series  of  definite  positions.  Examples  of  such  problems  will 
be  given  in  the  following  Articles. 

161.  Cam  with  Greore  and  Pin. — Throughout  the  present  Article 
it  will  be  supposed  that  the  acting  surface  of  the  follower,  which  is 
to  be  driven  by  the  cam,  is  the  cylindrical  surface  of  a  pin.  It  is 
easy  to  see  that  without  in  any  respect  altering  the  action,  a 
cylindrical  roller  turning  about  a  smaller  pin  may  be  substituted 
for  a  pin  in  order  to  diminish  friction.  If  the  pin  is  to  be  driven 
by  the  cam  in  one  direction  only,  being  made  to  return  at  the 
proper  time  by  the  force  of  gravity  or  by  the  elasticity  of  a  spring, 
the  cam  may  have  only  one  acting  edge;  but  if  the  pin  is  to  be 
driven  back  as  well  as  forward  by  the  cam,  the  cam  must  have  two 
acting  edges,  with  the  pin  between  them,  so  as  to  form  a  groove 
or  a  slot  of  a  uniform  width  equal  to  the  diameter  of  the  pin, 
with  clearance  just  sufficient  to  prevent  jamming  or  undue  friction. 
The  centre  of  the  pin  may  be  treated  as  practically  coinciding  at 
all  times  with  the  centre-line  of  such  a  groove,  which  centre-line 
may  be  called  the  pUch-li?ie  of  the  cam.  The  most  convenient  way 
to  design  a  cam  is  usually  to  draw,  in  the  first  place,  its  pitch-line, 
and  then  to  lay  off  the  half-breadth  of  the  groove  on  both  sides  of 
the  pitch-line.  "When  one  acting  edge  only  is  required,  it  is  to  be 
laid  off  on  one  side  of  a  groove,  the  other  side  being  omitted. 

The  line  of  connection  at  any  instant  is  a  straight  line  normal  to 
the  pitch-line  at  the  centre  of  the  pin. 

The  surface  in  which  the  groove  is  made  may  be  either  a  pla:ie 
or  a  surface  of  revolution ;  a  plane  for  a  cam-plate  which  either 
turns  about  an  axis  normal  to  its  own  plane  or  slides  in  a  straight 
line,  and  acts  upon  a  pin  whose  centre  moves  in  a  plane  parallel  to 
that  of  the  cam-plate;  a  solid  of  revolution,  being  cither  a  cylinder, 
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a  tone,  or  a.  hyperboloid,  for  a  cam  wlricL  turns  about  an  axis,  and 
ads  on  a.  pin  whom  centre  has  a  reciprocating  motion  in  a  straight 
one  coinciding  with  a  generating  line  of  the  surface  of  revolution. 

The  following  example  is  a  case  of  a  rotating  plane  cam,  giving 
motion  through  a  pin  and  lever  to  a  rocking  shaft  whose  axis  ia 
parallel  to  the  axis  of  rotation  of  the  cam. 

In  fig.  117  the  plane  of  projection  is  that  of  the  cam-plate,  and 
a  normal  to  the  axes  of  the  cam  and  of  the  lever.  In  the  lower 
put  of  the  figure,  A'  represents  the  trace  of  the  axis  of  the  rocking 
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shaft,  and  C  the  trace  of  the  axis  of  the  cam,  so  that  A'  C'  is  the 
line  of  centres.  The  direction  of  rotation  of  the  cam  is  shown  by  an 
arrow.  In  the  example,  the  direction  is  left-handed.  The  circular 
arc,  0  6,  described  about.  A'  with  the  radius  A'  U,  is  the  path  to  bo 
described  by  the  centre  of  the  pin;  and  the  twelve  points  in  that 
arc,  marked  with  numbers  from  0  to  11,  are  twelve  positions  which 
the  centre  of  the  pin  is  to  occupy  at  the  end  of  twelve  equal  divisions 
of  a  revolution  of  the  cam.  It  is  required  to  find  the  form  of  the 
cam  which  will  produce  that  motion  in  the  pin. 

In  the  upper  part  of  the  figure,  let  C  represent  the  axis  of  the 
cam;  suppose  that  the  cam  is  fixed,  and  that  the  line  of  centres, 
C  A,  rotates  about  C,  carryiug  the  axis,  A,  of  the  rocking  shaft  along 
with  it,  with  an  angular  velocity  equal  and  contrary  to  the  actual 
angular  velocity  of  the  cam.  That  supposition  will  not  alter  the 
relative  motions  of  the  working  pieces.  With  the  radius  C  A 
describe  a  circle  to  represent  the  supposed  path  of  A  relatively  to 
C;  divide  its  circumference  into  twelve  equal  parts,  and  to  the 
points  of  division  draw  radii,  C  A0,  C  A1$  C  A2,  «fec.,  to  represent 
twelve  successive  positions  of  the  line  of  centres  relatively  to  the 
cam,  as  supposed  to  be  fixed.  Lay  off  the  angles  C  A0  0,  C  Ar  1, 
C  A2  2,  <fcc.,  in  the  upper  part  of  the  figure  respectively,  equal  to 
the  angles  C'  A'  0,  C  A'  1,  C  A'  2,  «fec.,  in  the  lower  part  of  the 
figure;  and  make  each  of  the  straight  lines  A0  0,  Al  1,  A2  2,  etc., 
equal  to  the  lever  arm  A'  0.  The,  points  thus  found,  0,  1,  2,  *tc, 
will  be  points  in  the  pitch-line  of  the  cam,  and  a  curve  drawn, 
through  them  will  be  the  required  pitch-line. 

About  each  of  the  points  0,  1,  2,  <fcc.,  draw  a  circle  of  a  radius 
equal  to  that  of  the  pin :  a  pair  of  curves  touching  those  circles 
so  as  to  be  parallel  to  the  pitch-line  will  mark  the  two  sides  of  the 
groove,  without  allowance  for  clearance.  Clearance  may  be  pro- 
vided either  by  slightly  diminishing  the  diameter  of  the  pin  or  by 
slightly  increasing  the  width  of  the  groove.  If  the  lever  is  to  be 
raised  by  the  cam,  but  brought  down  again,  by  gravity,  the  outer  side 
of  the  groove  may  be  omitted,  and  the  cam  will  become  a  disc  bounded 
by  the  innermost  of  the  three  parallel  curves  shown  in  the  figure. 

The  number  of  parts  into  which  the  revolution  of  the  cam  is 
divided  may  be  made  more  or  less  numerous  according  to  the 
degree  of  precision  required. 

It  is  easy  to  see  how  a  similar  method  may  be  applied  to  the 
designing  of  a  cam-disc  which  shall  produce  a  given  motion  in  a 
follower  whose  acting  surface  is  of  any  given  form.  A  figure  is  to 
be  constructed  like  the  upper  part  of  fig.  117,  on  the  supposition 
that  the  cam  is  fixed,  and  that  the  frame  of  the  machine  rotates 
about  the  axis  of  the  cam  with  an  angular  velocity  equal  and 
contrary  to  the  actual  angular  velocity  of  the  cam.  Then,  just  as 
the  pin  in  the  upper  part  of  fig,  1 17  is  drawn  in  its  several  positions, 
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,  2,  At,  the  trace  of  the  acting  surface  of  the  follower  is  to  be 
■n  in  its  Hevend  successive  positions;  and  a  line  touching  that 
■e  in  all  its  positions  will  be  the  trace  of  the  required  cam-disc, 
lie  dead  points  of  a  cam  are  the  points  in  its  pitch-line  which 

at  the  greatest  and  least  distances  from  its  axis.  In  the 
tuple  shown  in  fig.  117  the  dead  points  are  0  and  6.     When. 

centre  of  the  pin  is  at  those  points  it  has  no  Telocity.     Any 
t    of    the    pitch-line   which   is  an  arc  of  a  circle  about    U 
responds  to  a  pause  in  the  motion  of  the  pin. 
62.   Brawls*  a  Cut  by  Circular  Arch— In  many  cases  in  which 

is  have  to  be  designed,  the  dead  points  alone  are  given  by  the  con  di- 
is  of  the  problem,  leaving  the  parts  of  the  pitch-line  between  those 
its  to  be  drawn  according  to  convenience.  .Fur  example,  in  fig.  118, 
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C  is  the  axis  of  the  cam,  and  A  and  B  are  dead  points ;  so  that 
0  B  and  C  A  are  respectively  the  least  and  greatest  radii  drawn 
from  the  axis  to  the  pitch-line;  and  the  pitch-line  at  A  and  B 
is  normal  to  those  radii  respectively.  The  intermediate  arcs  of 
the  pitch-line  are  to  be  drawn  of  any  convenient  form,  so  as  to 
traverse  A  and  B,  and  be  normal  to  C  A  and  C  B. 

The  easiest  way  to  draw  such  curves  is  by  means  of  arcs  of 
circles. 

The  simplest  case  is  when  C  A  and  C  B  are  parts  of  one  straight 
line.  The  required  pitch-line  is  then  an  eccentric  circle,  described 
upon  the  straight  line  A  C  B  as  a  diameter. 

When  0  A  and  C  B,  as  in  the  figure,  are  not  parts  of  one 
straight  line,  the  following  method  may  be  used,  being  an  extension 
of  Rule  IV.  of  Article  71),  page  61,  and  having  the  effect  of  giving 
a  pitch-line  made  up  of  four  circular  arcs,  whose  radii  deviate  less 
from  equality  than  those  of  any  other  combination  of  four  circular 
arcs  which  would  answer  the  same  purpose. 

From  A  and  B,  perpeudicular  to  A  C  and  B  C  respectively, 
draw  A  D  and  B  I),  cutting  each  other  in  D.  These  will  be 
tangents  to  the  required  pitch-line.  Join  C  D ;  bisect  it  in  E ;  and 
about  E,  with  the  radius  E  C  =  E  D,  describe  a  circle  which  will 
traverse  the  four  points  A,  C,  B,  D.  Bisect  the  arc  A  C  B  in  G. 
About  G,  with  the  radius  G  A  =  G  B,  describe  a  circle;  and  draw 
the  straight  line  D  H  G  I,  cutting  that  circle  in  H  and  I.  Through 
the  points  H  and  I,  and  parallel  to  D  C,  draw  the  straight  lines 
H  Q  and  I  P,  cutting  the  circle  A  I  B  H  in  P  and  Q  (the  ends 
of  one  diameter),  and  cutting  also  the  straight  line  C  B  in  M  and 
L,  and  the  straight  line  A  C  produced  in  N  and  K.  Then  draw 
four  circular  arcs,  as  follows : — 

The  arc  A  P,  described  about  the  point  K, 

»       BQ,  „  „  M, 

„       Q  A,  „  „  .N ; 

and  those  arcs  will  make  up  a  pitch-line  having  C  B  and  C  A  for 
its  greatest  and  least  distances  from  the  axis  C,  as  required ;  and 
also  having  its  radii  of  curvature  less  unequal  than  is  possible  with 
any  other  combination  of  four  circular  arcs,  and  no  more,  fulfilling 
the  required  conditions. 

When  a  cam  is  to  have  more  than  two  dead  points,  each  pair  of 
adjacent  dead  points  are  to  be  connected  with  each  other  by  meaus 
of  two  circular  arcs,  drawn  according  to  Rule  IV.  of  Article  79, 
pages  61  and  62,  fig.  48. 

163.    many-colled  Cams;    Spiral  and  Conolda!  Cams. — When    the 

complete  seric3  of  movements  of  a  piece  that  is  to  be  driven  by  a 
cam  extends  over  more  than  one  revolution  of  the  cam,  there  are 
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Mn  in  which  the  required  result  may  be  effected  by  means  of  a 
giuuve  in  a  cam-plate  having  a  pitch-line  of  more  than  one  coil; 
bat  difficulties  in  working  may  arise  from  the  fact  that  the  coils  of 
the  groove  most  intersect  each  other.  There  are  other  cases  in 
which  the  motion  required  in  the  follower  is  of  a  kind  that  may 
be  produced  by  means  of  a  spiral  cam, 
sach  as  that  shown  in  fig.  110.  The 
npper  part  of  the  figure  is  a  projection 
on  a  plane  normal  to  the  axis;  tl 
lower  part,  a  projection  on  a  plai 
parallel  to  the  axis.  A  A'  is  tl 
spiral  cam;  B,  a  screw  of  an  axil 
pitch  exactly  equal  to  the  axial  pitch 
of  the  earn.  This  screw,  resting  in  a 
fixed  not,  forms  one  of  the  bearings 
of  the  cam-shaft,  and  causes  the 
shaft  and  cam  together  to  advance  i 
along  the  axis  at  each  revolution 
through  a  distance  equal  to  the  pitch, : 
thus  bringing  a  new  coil  of  the  I 
cam  into  action.  The  mm,  A,  may 
also  be  made  with  a  continuous  coll- 
oidal surface,  of  which  different  pnrU 
are  brought  into  action  at  each  revolu- 
tion by  the  advance  caused  by  the 
screw  B.  It  is  evident  that  in  spiral 
and  coaoidal  cams  the  extent  of  the 
motion  is  limited. 

1G4-.    Wlpm    awl    Pallet*  —  Eacape 

ami.  -In  fig.    120  a  shaft    rotating 

about  the  axis  A  is  provided  with  one 

or  more  solitary  teeth  called  wipers, 

such  as  E.     The  action  of  the  wipers  upon  the  projecting  parts  of 

the  piece  that  they  drive  (which,  for  the  sake  of  a  general  term, 

may  be  called  piston)  may  be  either  intermittent  or  reciprocating. 

I.  As  an  example  of  intermittent  action,  one  of  the  wipers  repre- 
sented in  tig.  120,  in  moving  from  the  position  H  to  the  position 
E,  is  supposed  to  have  driven  before  it  a  pallet  from  the  position 
G  to  the  position  F.  The  pallet  projecta  from  a  vertical  sliding 
bar,  or  stamper,  C. 

B  B  is  the  addendum -circle  of  the  wipers,  and  D  D  the  addendum- 
line  of  the  pallets.  Those  lines  cut  each  other  at  the  point  of 
escape,  E ;  and  just  at  that  point  the  pallet  escapes  from  the  wiper, 
and  the  stamper,  with  its  pallet,  falls  back  to  its  original  position, 
and  is  ready  to  be  lifted  again  by  the  next  wiper. 

The  stamper  and  pallet  referred  to  in  this  case  are  shaded. 


Fig.  119. 
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II.  As  an  example  of  reciprocating  action,  the  sliding  bar,  C,  of 
the  preceding  example  is  supposed  to  have  attached  to  it  a  lrame, 


Fig,  120. 

c  e  e,  at  the  opposite  side  of  which  is  another  pallet,  g;  and  this 
pallet  ia  so  placed  that  immediately  after  the  escape  of  the  former 
pallet,  F,  from  the  wiper  at  E,  another  wiper  at  /»  begins  to  act 
upon  the  pallet  g,  and  so  to  produce  the  return  stroke  of  the  frame, 
C  c  c  c.  The  point,  «,  where  the  addendum-line,  d  d,  of  the  pallet 
g  cuts  the  addendum-circle,  B  B,  of  the  wipers,  is  the  point  of 
escape  of  the  second  pallet  (whose  position  at  the  instant  of  escape 
is  marked/);  and  immediately  afterwards  a  third  wiper,  arriving 
at  the  position  H,  begins  to  produce  a  new  forward  stroke. 

The  length  of  stroke  is  represented  in  the  figure  by  F  G  =  fg. 
It  is  evident  that  the  number  of  wipers  must  be  odd 
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This  it  the  combination  already  referred  to  in  Article  143,  page 
141.  It  belongs  to  a  class  of  contrivances  called  escapement*, 
because  of  the  eteape  of  the  follower  from  the  action  of  the  driver 
at  certain  instants.  There  are  many  escapements  which  do  not 
belong  to  the  subject  of  pure  mechanism ;  and  amongst  these  are 
found  moat  of  the  escapements  that  are  used  in  clocks  and  watches, 
as  being  well  suited  to  the  regulation  of  those  machines ;  for  in  such 
escapements  the  driver  and  follower  are  disconnected  from  each 
other  during  the  greater  part  of  the  movement.  Only  two  more 
escapements,  therefore,  will  be  described  here. 

III.  ATteior  Recoil  Escapement. — This  escapement,  tliougb  not 
well  suited  to  the  exact  keeping  of  time,  is  used  in  old  clockwork. 
It  is  also  used  in  vertical  roasting  jacks.  The  driver  is  a  wheel 
called  the  scope  wheel,  and  the  trace  of  its  axis  is  represented  by 
the  point  A,  fig.  121.     E  I  F  is  its  pitch-circle,  cutting  the  lino 


Fig.  121. 


of  centres,  A  B,  in  I.  V  V  is  its  addendum-circle.  In  the  figure 
the  teeth  are  represented  as  cylindrical  pins;  in  any  case  their 
acting  surfaces  may  be  regarded  as  parts  of  cylinders,  which,  if  the 
teeth  are  sharp-pointed,  are  of  insensible  diameter.  The  arrow 
near  I  shows  the  direction  of  rotation  of  the  wheel.  The  point  B 
is  the  trace  of  the  axis  of  the  verge,  or  rocking  shaft,  to  which  a 
reciprocating  movement  is  to  be  given  through  the  alternate  action 
of  the  teeth  on  the  pallet*,  K  8  and  T  V,  which  are  the  uc&u% 
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surfaces  of  the  crutch,  SRTU.  At  the  instant  represented  in 
the  figure,  the  crutch  is  at  the  middle  of  its  swing,  and  in  the  act 
of  moving  towards  the  left,  through  the  action  of  the  tooth  E  on 
the  pallet  R  S.  The  swing  of  the  crutch  takes  place  while  the 
■wheel  moves  through  half  the  pitch ;  at  the  end  of  which  interval 
the  tooth  E  and  pallet  R  S  escape  from  each  other,  and  another 
tooth  begins  to  act  on  the  pallet  T  U,  so  as  to  make  the  crutch 
swing  towards  the  right,  and  so  on  alternately.  The  dotted  circle 
at  F  represents  a  tooth  in  the  act  of  driving  the  pallet  T  U,  at  the 
middle  of  the  swing,  towards  the  right. 

To  design  the  figures  of  the  pallets,  a  method  is  to  be  employed 
analogous  to  that  described  in  Article  161,  page  172;  that  is  to  say, 
the  crutch  is  to  be  supposed  fixed,  and  the  line  of  centres,  B  A,  is 
to  be  supposed  to  swing  to  and  fro  about  the  axis  B,  carrying 
with  it  the  axis  A,  through  an  angle  equal  to  the  angle  through 
which  the  crutch  is  actually  to  swing. 

Lay  off  the  angles  A  B  C  =  ABD  =  the  semi-amplitude,  or 
half  angle  of  swing;  and  make  BC  =  BD  =  BA.  Then  C  and 
D  are  the  two  extreme  positions  of  the  axis  A  in  its  supposed 
swinging  motion.  With  a  radius  equal  to  that  of  the  pitch-circle, 
draw  the  arcs  M  N  about  C,  and  P  Q  about  D;  and  with  a 
radius  equal  to  that  of  the  addendum-circle,  draw  the  arcs  m  n 
about  0,  and  p  q  about  D.  From  the  point  I  lay  off  upon  the 
pitch-circle  the  arcs  I  E  =  I  F  =  an  odd  number  of  limes  the 
quarter-pitch;  so  that  E  I  F  shall  be  an  odd  number  of  half 
pilches.  The  points  E  and  F  should  be  as  near  as  practicable  to 
the  points  where  two  straight  lines  from  B  touch  the  pitch-circle. 
About  E  and  F  draw  circles  to  represent  the  traces  of  the  acting 
surfaces  of  the  pins  or  teeth.  Lay  off,  on  the  pitch-circle,  the  arcs 
E  G  =  FK  =  the  quarter-pitch,  with  the  radius  of  the  acting 
surface  of  a  tooth  deducted :  this  deduction  is  to  ensure  that  between 
the  escape  of  a  tooth  from  one  pallet  aud  the  commencement  of  the 
action  of  another  tooth  on  the  opposite  pallet  there  shall  be  an 
interval  sufficient  to  enable  the  tooth  that  has  just  escaped  to  move 
clear  of  the  pallet  which  it  has  quitted. 

About  the  centre  B,  through  the  point  G,  draw  the  circular  arc 
M  G  N,  cutting  the  arc  M  N,  already  described  about  C,  in 
the  points  M  and  N.  About  the  centre  B,  through  the  point 
K,  draw  the  circular  arc  P  K  Q,  cutting  the  arc  P  Q,  already 
described  about  D,  in  the  points  P  and  Q.  Through  M,  E,  and 
Q  draw  a  continuous  curve;  this  will  be  the  pitch-line  of  tho 
pallet  R  S.  Through  N,  F  and  P  draw  a  continuous  curve: 
this  will  be  the  pitch-line  of  the  pallet  T  U.  Then,  parallel  to 
those  pitch-lines  respectively,  and  at  a  distance  from  them  equal 
to  the  radius  of  the  acting  surface  of  a  tooth,  draw  the  traces,  R  3 
*nd  T  U,  of  the  acting  surfaces  of  the  pallets. 
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The  points  of  the  pallets,  at  S  and  U,  are  to  be  cut  off,  so  as  not 
to  project  within  the  circles  q  p  and  n  m  respectively.  The  traces 
of  the  backs  of  the  pallets,  S  W  and  U  X,  are  to  be  circular  arcs 
described  about  B. 

IV.  Dead-beat  Escapement — In  the  dead-beat  escapement  the 
cratch  swings  each  way  through  an  arc  of  indefinite  extent,  in 
addition  to  that  through  which  it  is  driven  by  the  action  of  the 
teeth  of  the  scape  wheel ;  and  the  scape  wheel  is  made  to  pause  in 
its  motion  during  each  such  additional  swing,  by  its  teeth  bearing 
against  parts  of  the  pallets  whose  surfaces  are  cylinders  described 
about  the  axis  of  the  verge.  The  traces  of  these  may  be  called 
the  dead  arcs  of  the  pallets.  The  recoil  escapement  shown  in  fig. 
121,  may  be  converted  into  a  dead-beat  escapement,  as  follows: — 
About  B,  with  a  radius  equal  to  B  M  added  to  the  radius  of  the 
acting  surface  of  a  tooth,  draw  the  circular  arc  R  Y ;  and  also 
about  B,  with  a  radius  equal  to  B  P,  deducting  the  radius  of  the 
acting  surface  of  a  tooth,  draw  the  circular  arc  T  Z :  those  two 
arcs  will  be  the  required  dead  arcs  of  the  pallets. 

In  order  that  a  dead-beat  escapement  may  go  on  working,  there- 
must  be  a  force,  such  as  gravity  or  the  elasticity  of  a  spring, 
continually  tending  to  bring  the  crutch  to  its  middle  position,  at 
and  near  which  the  pallets  are  driven  by  the  teeth ;  hence  its 
principles  are  to  a  certain  extent  beyond  the  province  of  pure 
mechanism. 

In  the  dead-beat  escapements  of  accurate  clocks,  the  angle 
through  which  the  crutch  swings  is  very  small,  and  the  angle 
through  which  the  teeth  act  on  the  pallets  is  still  smaller;  so  that 
in  fig.  121  those  angles  may  be  looked  upon  as  greatly  exaggerated, 
for  the  sake  of  distinctly  showing  the  geometrical  principles  of 
the  combination. 

Section  V.  —  Connection  by  Bands. 

165.    Bands    and   Palleya  Clawed.      (A.    ilf.,    478.)  —  The   word 

bands  may  be  used  as  a  general  term  to  denote  all  kinds  of 
flexible  connecting  pieces;  and  the  word  pulleys,  when  not  other- 
wise qualified,  to  denote  all  kinds  of  rotating  pieces  which  are 
connected  with  each  other  by  means  of  bands.  Bands  may  be 
classed  in  the  following  manner ;  which  also  involves  a  classification 
of  the  pulleys  to  which  the  bands  are  suited : — 

I.  Lel'«,  which  are  made  of  leather,  gutta  percha,  woven  fabrics, 
«Vc,  aie  flat  and  thin,  and  require  nearly  cylindrical  pulleys  with 
smooth  surfaces.  A  belt  tends  to  move  towards  that  part  of  a 
pulley  whose  radius  is  greatest.  Pulleys  for  belts,  therefore,  are 
slightly  swelled  in  the  middle,  in  order  that  the  belt  may  reuwdw 
on  the  pulley  unless  forcibly  shifted,  and  are  in  general  V\\Xto\& 
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ledges.  A  belt  when  in  motion  is  shifted  off  a  pulley,  or  from  one 
pulley  on  to  another  of  equal  size  alongside  of  it,  by  pressing  against 
the  "  advancing  side"  of  the  belt;  that  is,  that  part  of  the  belt 
which  is  moving  towards  the  pulley.  Amongst  belts  may  be 
classed  flat  ropes. 

II.  Cords,  made  of  catgut,  leather,  hempen  or  other  fibres,  or 
wire,  are  nearly  cylindrical  in  section,  and  require  either  drums 
with  ledges,  or  grooved  pulleys. 

III.  Chains,  which  are  composed  of  links  or  bars  jointed  together, 
require  wheels  or  drums,  grooved,  notched,  and  toothed,  so  as  to 
fit  the  links  of  the  chains.  Chains  suited  for  this  purpose  are 
called  gearing  dudns. 

Bands  for  communicating  motion  of  indefinite  extent  are  endless. 

Bands  for  communicating  reciprocating  motion  have  usually  their 
ends  made  fast  to  the  pulleys  or  drums  which  they  connect,  and 
which,  when  the  extent  of  motion  is  less  than  a  revolution,  may  be 
sectors. 

166.   Principles  of  Connection  by  Band*. — The  line  of  connection 

of  a  pair  of  pulleys  connected  by  means  of  a  band  is  the  central 
line  or  axis  of  that  part  of  the  band  whose  tension  transmits  the 
motion. 

The  pitch-surface  of  a  pulley  over  which  a  band  passes  is  the 
surface  to  which  the  line  of  connection  is  always  a  tangent;  that  is 
to  say,  an  imaginary  surface  whose  distance  from  all  parts  of  the 
acting  surface  of  the  pulley  that  the  band  touches  is  equal  to  the 
distance  from  the  acting  surface  of  the  band  to  its  centre  line. 
The  pitch-surface  of  a  pulley  cannot  be  anywhere  concave;  for 
where  the  acting  surface  is  concave,  the  band  stretches  in  a 
straight  line  across  the  hollow,  and  the  pitch-surface  is  plane. 
In  ordinary  pulleys  for  communicating  a  constant  velocity-ratio 
the  pitch -surface  is  a  circular  cylinder;  and  its  radius  (called  the 
effective  radius)  is  equal  to  the  real  radius  of  the  pulley  added  to 
half  the  thickness  of  the  band. 

The  pitcJi-line  of  a  pulley  is  the  line  on  its  pitch-surface  in  which 
the  centre-line  lies  of  that  part  of  the  band  which  touches  the 
pulley.  The  line  of  connection  is  a  tangent  to  the  pitch-line. 
When  the  line  of  connection  is  in  a  plane  perpendicular  to  the  axis 
of  the  pulley,  the  pitch-line  is  the  trace  of  the  pitch-surface  on 
that  plane:  for  example,  the  circular  section  of  a  cylindrical 
pulley.  When  the  line  of  connection  is  oblique  to  the  axis,  the 
pitch-line  is  helical,  or  screw-like. 

Problems  respecting  the  comparative  motion  of  pieces  connected 

by  bands  are  solved  by  applying  the  principles  of  Article  91,  page 

78,  taking  A  B  in  fig.  5&  of  that  Article  to  represent  the  centre 

line  of  that  part  of  the  band  whose  tension  transmits  the  motion, 

and  A  A'  and  BB  to  represent  the  common  perpendiculars  from 
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bat  line  to  the  axes  of  the  pulleys.  When  the  pitch-surfaces  of 
he  pulleys  are  circular  cylinders,  A  A'  and  B  B'  represent  their 
sllective  radii.  Rule  II.  of  Article  91  shows  how  to  find  the 
ingular  velocity-ratio  of  two  pulleys  whose  proportionate  dimen- 
sions are  given.  The  following  is  the  converse  rule  for  finding  the 
proportionate  radii  of  two  pulleys  which  are  to  transmit  a  given 
ingular  velocity-ratio.  In  tig.  58,  page  78,  draw  A  a  to  represent 
lie  projection  of  the  axis  of  one  pulley  upon  a  plane  parallel  to 
;hat  axis  traversing  the  line  of  connection,  A  B ;  and  draw  B  b  to 
represent  a  similar  projection  of  the  axis  of  the  other  pulley.  Lay 
iff  the  distances  A  a  and  B  b  to  opposite  sides  of  A  B,  to  represent 
the  intended  angular  velocities  of  the  two  pulleys.  Draw  A  c  and 
Sd  perpendicular  to  A  B;  and  draw  ac  and  b  d  parallel  to  A  B, 
Hitting  A  c  and  B  d  in  c  and  d  respectively.  Then  the  lengths 
A.  c  and  B  d  will  represent  the  component  angular  velocities  of  the 
[mlley8  about  axes  perpendicular  to  the  line  of  connection,  A  B. 
In  xuost  cases  which  occur  in  practice,  both  the  axes  lie  in  planes 
perpendicular  to  the  line  of  connection;  and  then  A  a  and  B6 
»incide  with  A  c  and  B  d  respectively.) 

Draw  the  straight  line  c  d,  cutting  the  line  of  connection,  A  B,  in 
EL     Then  we  have  the  proportion 

BK  :  AK 

:  :  effective  radius  of  A  :  effective  radius  of  B; 

ind  if  one  of  those  radii — for  example,  that  of  A — is  given,  the 
)ther  is  found  as  follows : — From  A  lay  off  A  I  =  B  K  (or  other- 
irise,  from  B  lay  off  B  I  =  A  K).  Perpendicular  to  A  B  draw  A  A' 
md  B  K  ;  lay  off  A  A'  =  the  given  radius  of  the  pulley  A,  and  draw 
ihe  straight  line  A  IB',  cutting  BB'  in  B';  BB'  will  be  the 
•equired  radius  of  B. 

In  the  ordinary  case,  in  which  both  axes  lie  in  planes  perpen- 
licular  to  the  line  of  connection,  it  is  evident  that  the  velocities  of 
i  pair  of  circular  pulleys  are  inversely  as  tfieir  effective  radii. 

It  is  to  be  borne  in  mind  that,  especially  as  regards  cases  in  which 
he  axes  do  not  both  lie  in  planes  perpendicular  to  the  line  of 
connection,  everything  stated  in  the  present  Article  is  based  on 
he  supposition  that  the  band  is  perfectly  flexible  in  all  directions,  , 
[n  the  case  of  fiat  belts  connecting  pulleys  whose  axes  are  not  both 
n  planes  perpendicular  to  the  line  of  connection,  there  aro  certain 
effects  of  the  lateral  stiffness  of  the  belt  which  will  be  considered 
arther  on. 

The  velocity  of  the  band  is  equal  to  that  of  a  point  revolving  at 
he  end  of  the  radius  A  A',  fig.  08,  page  78,  with  the  angular 
velocity  represented  by  Ac,  and  also  to  that  of  a  point  revolving 
it  the  end  of  the  radius  B  B',  with  the  angular  velocity  Te^tewstitaA. 
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by  B  d.     When  a  band  connects  a  pulley  with  a  sliding  piece,  tbe 
comparative  motion  is  given  by  Rule  III.  of  Article  91,  page  79. 

•Smooth  bands,  such  as  belts  and  cords,  are  not  suited  to  com- 
municate a  velocity-ratio  with  precision,  as  teeth  are,  because  of 
their  being  free  to  slip  on  the  pulleys;  but  the  freedom  to  slip  is 
advantageous  in  swift  and  powerful  machinery,  because  of  its 
preventing  the  shocks  which  take  place  when  mechanism  which  is 
at  rest  is  suddenly  tliroum  into  gear,  or  put  in  connection  with  the 
prime  mover.  A  band  at  a  certain  tension  is  not  capable  of 
exerting  more  than  a  certain  definite  force  upon  a  pulley  over 
which  it  passes;  and  therefore  occupies,  in  communicating  its  own 
speed  to  the  rim  of  that  pulley,  a  certain  definite  time,  depending 
on  the  masses  that  are  set  in  motion  along  with  the  pulley  and  the 
speed  to  be  impressed  upon  them;  and  until  that  time  has  elapsed 
the  band  has  a  slipping  motion  on  the  pulley;  thus  avoiding  shocks, 
which  consist  in  the  too  rapid  communication  of  changes  of  speed. 
This  will  be  further  considered  under  the  head  of  the  Dynamics  of 
Machines. 

167.  Policy*  with   Equal  Angular  Yelacltles.— When    a    pair    of 

pulleys  turn  about  parallel  axes  in  the  same  direction,  with  equal 
angular  velocities,  their  pitch-lines  may  be  of  any  figure  whatsoever, 
curved  or  polygonal,  provided  they  are  equal  and  similar,  and  not 
concave.  Each  of  the  two  straight  parts  of  the  band  is  equal  and 
parallel  to  the  line  of  centres;  and  those  parts,  if  the  pulleys  are 
circular  and  not  eccentric,  remain  at  a  constant  distance  from  the 
line  of  centres;  but  have  a  reciprocating  motion  towards  and  from 
that  line  if  the  pulleys  are  either  eccentric  or  non-circular.  A  reel 
is  virtually  a  pulley  whose  pitch-line  is  a  polygon  with  rounded 
angles;  and  such  is  also  the  case  with  the  expanding  pulley,  con- 
sisting of  four  quadrants  of  a  circle,  which  can  be  separated  to  a 
greater  or  less  distance  from  each  other  by  means  of  screws. 

168.  Bands  and  Palleja  for  a  Constant  Telocity- BaUo.— In  order 

that  the  velocity-ratio  of  a  pair  of  pulleys  may  be  constant,  their 
pitch-lines  must  be  circular  (except  in  the  particular  case  specified 
in  the  preceding  Article,  when  the  figure  is  not  restricted  to  the 
circle  alone). 

The  band  may  be  open  or  uncrossed,  as  in  fig.  122;  or  it  may  be 
crossed,  as  in  fig.  123.    With  an  open  band  the  directions  of  rotation 


Fig.  122. 


Fig.  123. 
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tbe  same;  with  a  crossed  band,  contrary.  In  each  of  these 
figures,  1  denotes  the  driving  pulley,  and  2  the  following  pulley ; 
Cx  Cj  is  the  line  of  centres,  and  T1  T2  the  line  of  connection;  and 
ike  angular  velocity-ratio  is  expressed  by 

1 69.   The  Length  of  an   Endless  Bond,  such  as  those  shown  in 

figs.  122  and  123,  consists  of  two  straight  parts,  each  equal  to  the 
line  of  connection,  and  two  circular  arcs.  When  the  band  is 
crossed,  as  in  fig.  123,  the  circular  arcs  are  of  equal  angular  extent; 
when  the  band  is  open,  as  in  fig.  122,  the  angles  subtended  by  the 
two  arcs  make  up  one  revolution.  When  the  length  of  a  baud  is 
to  be  measured  on  a  drawing,  the  circular  parts  may  be  rectified 
graphically  by  Rule  I.  or  Rule  II.  of  Article  51,  page  28. 

To  find  the  length  of  an  endless  band  by  calculation,  let  the  line 

of  centres,  Cx  C2  =  c,  and  the  effective  radii  of  the  pulleys,  Ct  T1=rl; 

C2  T2  =  r2;  rx  being  the  greater.  Then  each  of  the  two  equal 
straight  parts  of  the  band  is  evidently  of  the  length 

T2  T2  =   J  c2  —  (rx  +  r2)2  for  a  crossed  band,  f 


.1 


Tj  T2  =   J  c2  —  (rx  —  r^f  for  an  open  band 

Let  ix  be  the  arc  to  radius  unity  of  the  greater  pulley,  and  t2  that 
of  the  less  pulley,  with  which  the  band  is  in  contact;  then  for  a 
crossed  band 


%x  =  tg  =  x  +  2  arc  •  sin  -* *; 

and  for  an  open  band 

ix  =  x  +  2  arc  •  Bin  -* 2;  i2  =  x  —  2  arc  •  sin  — *; 

c  c 


(2) 


and  the  addition  of  the  lengths  of  the  straight  and  curved  parts 
gives  the  following  total  length :— 
For  a  crossed  band, 


L  =  2  Vc2  -  (rx  +  r^2  +  (rx  +  r2)  •  (  x  +  2  arc  'sin  •  -* *i; 

and  for  an  open  band, 

L  =  2  Jc2  -  (rx  -  rg)2  +  *(r1  +  r2)  +  2(r1-r2)arc,sin  '— 2. 


(3.) 


As  the   last  of  these  equations  would  be  troublesome  to  use 
in  a  practical  application  to  be  mentioned  in  Article  171,  an 
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approximation  to  it,  sufficiently  close  for  practical   purposes,  is 
obtained  by  considering,  that  if  r,  —  ra  is  email  compared  with  c, 

nearly;  whence,  for 
L  nearly 


.(3  A.) 


in  which  it  is  sufficiently  accurate  for  practical  purposes  to  make 
».3J. 

170.  phIIct*  with  Fiat  Beiu. — It  has  already  been  stated  in  Article 
165,  page  179,  that  a  flat  belt  tends  to  move  towards  that  part  of 
the  pulley  whose  radius  is  greatest,  or  to  "climb,"  as  the  phrase  is ; 
and  that  pulleys  for  such  belts  are  therefore  made  without  ledges, 
and  with  a  slight  swell  or  convexity  at  the  middle  of  the  rim,  in 
order  that  the  belt  may  tend  to  remain  there.  The  swell  usually 
allowed  in  the  rims  of  pulleys  is  one  twenty-fourtJt  part  of  the 
breadth. 

The  tendency  to  climb  is  produced  by  the  lateral  stiffness  of 
the  belt,  in  the  following  manner: — When  the  part  of  the  belt 
which  touches  the  pulley  deviates  towards  one  side,  as  in  fig.  1 24, 
the  part  which  is  approaching  the  pulley 
is  made  to  deviate  towards  the  opposite 
side;  and  thus,  after  the  pulley  has 
turned  through  a  small  angle,  the  devia- 
tion of  the  belt  is  corrected. 

A  crossed  belt  is  twisted  half  round 
l  passiug  from  cue  pulley  to  another, 
as  shown  in  fig.  123,  so  as  to  bring  the 
same  side  of  the  belt  into  contact  with 
both  pulleys.  The  principal  object  of 
this  is,  that  the  two  straight  parts  of  the 
belt  may  pass  each  other  flatwise  where 
they  cross,  so  as  not  to  resist  each  other's 
motion.  Another  object,  in  the  case  of 
leather  belts,  is  to  bring  the  rougher  side 
of  the  leather  into  contact  with  both 
pulleys. 

It  has  already  been  stated  that  the 
,  n  a  pulley  is  determined  by  the 
position  of  its  advancing  side;  that  is,  of  the  part  of  the  belt 
which  is  approaching  the  pulley.  In  the  contrivance  called  the 
"fast  and  loose  puUeij"  for  engaging  and  disengaging  machinery, 
a  belt  driven  by  a  suitable  driving  pulley  is  provided  with  two 
similar  and  equal  following  pulleys,  mounted  side  by  side  upon 


Fig.  m. 
position  which  a  belt 
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one  axis;  one  of  these  pulleys  is  made  fast  to  the  shaft;  the  other 
tarns  loosely  upon  it  The  belt,  when  in  motion,  can  be  shifted  by 
means  of  a  fork,  that  guides  its  advancing  side  to  the  fast  pulley 
or  to  the  loose  pulley  at  will,  so  as  to  engage  or  disengage  the 
shaft  on  which  those  pulleys  are  fitted.  The  driving  pulley  is 
made  of  a  breadth  equal  to  the  breadths  of  the  fast  and  loose 
pulleys  together. 

The  lateral  stiffness  of  a  belt  is  also  made  available  for  the 
purpose  of  keeping  it  in  its  place  on  the  pulleys  when  their  axes 
are  not  parallel,  as  in  fig.  125,  which  is  sketched  in  isometrical 
perspective,     C1  0X  and  Cs  C2  are  the  axes;  Ex  Eg,  their  common 


Fig.  125. 

perpendicular.  In  order  that  the  belt  may  remain  on  the  pulleys, 
the  central  plane  of  each  pulley  must  pass  through  tlie  point  of 
delivery  of  tine  other  pulley — that  is,  the  point  where  the  belt 
leaves  the  other  pulley ;  or,  in  other  words,  tfie  central  planes  of  tfie 
two  pulleys  s/uruld  intersect  in  Hie  straiglU  line  which  connects  tlte 
two  points  of  delivery.  In  fig.  125,  Dx  and  D2  are  the  two  point3  of 
delivery;  and  the  pulleys  are  so  placed  that  Dx  D2  is  the  line  of 
intersection  of  their  central  planes.  It  is  easy  to  see  that  this 
arrangement  does  not  admit  of  the  motion  being  reversed;  for 
when  that  takes  place,  J)l  and  D2  cease  to  be  the  points  of  delivery, 
and  become  the  points  where  the  belt  is  received ;  and  it  is  at  once 
thrown  off  the  pulleys. 

171.  Spee*  Cone»  (A.  M.,  483)  are  a  contrivance  for  varying 
and  adjusting  the  velocity-ratio  communicated  between  a  pair  of 
parallel  shafts  by  means  of  a  belt,  and  may  be  either  continuous 
cones  or  couoids,  as  in  fig.  126,  A,  B,  whose  velocity-ratio  can  be 
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varied  gradually  while  they  are  in  motion  by  shifting  the  belt;  or 
sets  of  pulleys  whose  radii  vary  by  steps,  as  in  fig.  126,  0,  D — in 
which  case  the  velocity-ratio  can  be  changed  by  shifting  the  belt 
from  one  pair  of  pulleys  to  another  while  the  machine  is  at  rest. 

In  order  that  the  belt  may  be  equally  tight  in  every  possible 
position  on  a  pair  of  speed-cones,  the  quantity  L  in  the  equations 
of  Article  169,  pages  183,  184,  must  be  constant 

For  a  crossed  belt,  as  at  A  and  C,  L  depends  solely  on  the  line  of 
centres,  c,  and  on  the  sum  of  the  radii,  rx  +  r2.  Now  c  is  constant 
because  the  axes  are  parallel ;  therefore  the  sum  of  the  radii  of  the 
pitch-circles  connected  in  every  position  of  the  belt  is  to  be  constant 

That  condition  is  fulfilled  by  a 
pair  of  continuous  cones,  generated 
by  the  revolution  of  two  straight 
liues  inclined  opposite  ways  to 
their  respective  axes  at  equal 
angles,  and  by  a  set  of  pairs  of 
pulleys  in  which  the  sum  of  the 
radii  is  the  same  for  each  pair. 

For  an  open  belt  the  following 
practical  rule  is  deduced  from  the 
approximate  equation  (3  a.)  of 
Article  169,  page  184  : — 

Let  the  speed-cones  be  equal 
and  similar  conoids,  as  in  fig.  126, 
B,  but  with  their  large  aud  small 
ends  turned  opposite  ways.     Let 


Fig.  126. 


rl  be  the  radius  of  the  large  end  of  each,  r2  that  of  the  small  end, 
r0  that  of  the  middle;  and  let  y  be  the  swell  or  convexity,  measured 
perpendicular  to  the  axis,  of  the  arc  by  whose  revolution  each  of 
the  conoids  is  generated;  then 


and 


V  2xc    ' {L-> 


*o  = 


_  rl  +  r2 


+  y; 


■<*> 


=  31  nearly  enough  for  the  present  purpose. 
To  nnd  the  swell,  y,  by  graphic  construction :  in  fig.  126  e,  draw 

H  A  B  =s  3f  times  the  line  of 
centres;  from  B,  perpendicular 
to  A  B,  draw  B  C  =  the  difference 
"bc  between  the  gi*eatest  and  least 
radii;  join  A  C,  and  cut  off  from 
it  A  D  =  A  B;  D  C  will  be  the 


Fig.  126  k. 


required  swelL 
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The  radii  at  the  middle  and  ends  being  thus  determined,  make 
tbe  generating  curve  an  arc  either  of  a  circle  or  of  a  parabola. 

For  a  pair  of  stepped  cones,  as  in  fig.  126  d,  let  a  series  of 
differences  of  the  radii,  or  values  of  rx  —  r2,  be  assumed;  then,  for 
eath  pair  of  pulleys,  the  half-sum  of  the  radii  is  to  be  computed 
from  the  difference  by  the  formula — 

r-^=r0-y; (3.) 

r9  being  the  value  of  that  half-sum  when  the  radii  are  equal; 
and  finally,  the  radii  are  to  be  computed  from  their  half-sum  and 
half-difference,  as  follows : — 


r    _  rl  +  r2    .   rl  -  r2. 


2 


2 


(4.) 


172.  Pslleys  for  B«pc»  and  €«rd»  require  ledges  to  prevent  the 
band  from  slipping  off;  for  even  fiat  ropes  have  not  sufficient 
lateral  stiffness  to  make  them  remain,  of  themselves,  on  the  convexity 
of  a  pulley.  A  cord,  in  passing  round  a  pulley,  lies  in  a  groove, 
sometimes  called  the  gorge  of  the  pulley ;  if  the  object  of  the  pulley 
is  merely  to  support,  guide,  or  strain  the  cord,  the  gorge  may  be 
considerably  wider  than  the  cord ;  if  the  pulley  is  to  drive  or  to  be 
driven  by  the  cord,  so  as  to  transmit  motive  power,  the  gorge  must 
in  general  fit  the  cord  closely,  or  even  be  of  a  triangular  shape,  so 
as  to  hold  it  tight.  Sometimes  the  gorge  of  a  pulley  which  is  to  be 
driven  by  a  cord  at  a  low  speed  has  radial  ribs  on  its  sides,  in  order 
to  give  it  a  firmer  hold  of  the  cord. 

The  groove  of  a  pulley  for  a  wire  rope  should  not  grasp  it  tightly, 
lest  the  rope  be  injured;  and  the  motion  must  be  communicated 
by  means  of  the  ordinary  friction  alone.  M.  C.  F.  Hirn  has 
introduced,  with  good  success,  the  practice  of  filling  the  bottoms  of 
the  grooves  of  iron  pulleys  for  wire  ropes  moving  at  a  high  speed 
with  gutta  percha,  jammed  in  tight.  This  will  be  again  referred  to 
in  treating  of  the  dynamics  of  machinery,  and  of  its  construction. 

When  a  cord  does  not  merely  pass  over  a  pulley,  but  is  made 
fast  to  it  at  one  end,  and  wound  upon  it,  the  pulley  usually 
becomes  what  is  called  a  drum  or  a  barrel.  A  drum  for  a  round 
rope  is  cylindrical,  and  the  rope  is  wound  upon  it  in  helical  coils. 
Each  layer  of  coils  increases  the  effective  radius  of  the  drum  by  an 
amount  equal  to  the  diameter  of  the  rope.  A  drum  for  a  flat  rope 
is  of  a  breadth  simply  equal  to  the  breadth  of  the  rope,  which  is 
wound  upon  it  in  single  coils,  each  of  which  increases  the  effective 
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radius  by  an  amount  equal  to  the  thickness  of  the  rope;  and 
instead  of  ledges  it  often  has  pairs  of  arms,  forming  as  it  were 
skeleton  ledges. 

173.  Gaide  Paiie?*— A  guide  pulley  merely  changes  the  direction 
of  a  band  on  the  way  from  the  pulley  which  drives  the  band  to  the 
pulley  which  is  driven  by  it  Guide  pulleys  are  useful  chiefly 
to  change  the  direction  of  a  round  cord  which  communicates 
motion  between  two  other  pulleys  whose  pitch-circles  are  not  in 
the  same  plane.  In  a  case  of  thai  kind  the  following  is  the  rule 
for  finding  a  proper  position  for  a  guide  pulley : — By  the  Rule  of 
Article  27,  page  10,  find  the  line  of  intersection  of  the  planes  of 
the  piteh-circies  of  the  driving  and  following  pulley  respectively. 
From  any  convenient  point  in  that  line  draw  tangents  to  the 
proper  sides  of  the  two  pitch-circles,  to  represent  the  centre-lines 
of  two  straight  parts  of  the  band ;  then,  by  the  rule  of  Article  22, 
page  8,  draw  the  rabatment  of  the  angle  which  these  straight  lines 
make  with  each  other.     Let  A  C  B  in  fig.  127  represent  that 

rabatted  angle;  draw  a  straight  line,  C  D, 
bisecting  it;  and  about  any  convenient  point, 
D,  in  that  straight  line  describe  a  circle 
touching  the  two  straight  lines,  C  A,  C  B : 
this  will  be  the  pitch-circle  of  a  suitable 
guide  pulley. 

174.  Straining  Fniicyx.— A  straining  pulley 
is  used  to  bring  a  band  to  the  degree  of  tension 
which  is  necessary  in  order  to  enable  it  to 
transmit  motion  from  a  driving  pulley  to  a 
following  pulley.  A  straining  pulley,  as  ap- 
plied to  a  fiat  belt,  is  usually  pressed,  by  means 
of  a  lever,  against  one  of  the  parts  of  the  belt 
which  extends  between  the  driving  and  following  pulleys,  so  as  to 
push  that  part  of  the  belt  towards  the  line  of  centres.  The  effect 
of  this  is  to  tighten  the  belt  and  increase  the  friction  exerted 
between  it  and  the  pulleys  which  it  connects.  This  is  one  of  the 
contrivances  used  for  engaging  and  disengaging  machinery.  The 
straining  or  tightening  pulley  is  usually  applied  to  the  returning 
part  of  the  belt ;  that  is,  the  part  which  moves  from  the  driving 
pulley  towards  the  following  pulley. 

Sometimes  a  straining  pulley  hangs  in  a  loop  or  bight  of  a  cord, 
and  is  loaded  with  a  weight,  as  in  fig.  1 28,  farther  on. 

175.  Eccentric  and  iv»«-Circ«lar  Paiiejra  are  used  for  transmitting 
a  varying  velocity-ratio.  For  example,  in  fig.  128  the  pitch-lino 
of  the  pulley  A  is  an  eccentric  circle,  and  might  be  a  curve  of  any 
figure  presenting  no  concavity;  the  pitch-line  of  B  is  circular  and 
centred  on  its  axis  in  the  figure;  but  it,  too,  might  be  eccentric  or 
Don-circular.     D  E  is  the  line  of  connection,  beiug  the  centre-liue 


Fig.  127. 
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of  the  driving  part  of  the  cord,  and  a  tangent  to  both  pitch-lines; 

and  the  cord  is  kept  tight  by  a  loaded  straining  pulley  at  C.    The 

angular  velocities  of  the  pulleys 

A  and  B  at  any  given  instant  are 

inversely   as    the    perpendicular 

distances  A  D  and  BE  of  their 

axes  from  the  line  of  connection; 

or  in  symbols,  let  a  and  b  be  those 

angular  velocities;  then 

b  _  AJ3 
a  ~~  BE' 

There  is  one  instance  in  which 
no  straining  pulley  is  required; 
and  that  is  when  the  pitch-lines 
of  the  driving  pulley  and  of  the 
following  pulley  are  a  pair  of 
equal  and  similar  ellipses,  centred 
on  two  of  their  foci,  A,  A',  as  Fig.  128. 

shown  in  fig.  129,  and  connected 

by  means  of  a  crossed  cord.     The  mean  angular  velocities  are  equal 
and  opposite,  each  entire  revolution  being  performed  in  the  same 


time  by  both  pulleys ;  and  the  velocity-ratios  at  different  instants 
are  the  same  as  in  a  combination  of  a  pair  of  elliptic  wheels  having 
the  same  foci  and  the  same  line  of  ceutres.  In  the  figure,  E  I  E 
and  EI  E  represent  the  pitch-lines  of  such  a  pair  of  elliptic 
wheels :  the  pitch  point  being  always  at  the  intersection,  I,  of  the 
two  straight  parts  of  the  cord. 

To  design  such  a  pair  of  elliptic  pulleys,  the  data  required  are 
the  line  of  centres,  A  A',  and  the  angle  by  which  each  pulley  \a 
alternately  to  overtake  and  to  fail  behind  the  other  puYYev.    Trs&% 
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by  Rule  I.  of  Article  108,  page  95,  find  the  foci ;  and  about  those 
foci  draw  any  ellipse  that  is  not  larger  than  the  ellipse  suited, 
according  to  the  same  rule,  for  the  pitch -line  of  a  wheel  to  work  in 
rolling  contact;  the  ellipse  so  drawn  will  be  suitable  for  the  pitch- 
lines  of  both  pulleys,  C  D  and  C  D'.  The  pulleys,  like  the  wheels 
described  in  Article  108,  will  rotate  in  the  same  manner  as  if 
the  revolving  foci  were  connected  with  each  other  by  a  straight 
link,  B  B',  equal  to  the  line  of  centres,  A  A';  and  their  corre- 
sponding positions  and  velocity-ratio  at  any  given  instant  may  be 
found  by  Rules  II.  and  III.  of  Article  108,  pages  9G,  97. 

Amongst  non-circular  pulleys  are  fusees,  used  in  watch-work; 
in  which  the  pitch-line  is  a  spiral  described  on  a  conoidal 
surface. 

Non-circular  pulleys  may  be  indefinitely  varied  in  figure  with- 
out difficulty;  for  the  possibility  of  keeping  the  band  tight  by 
means  of  a  straining  pulley  removes  the  necessity  of  preserving 
certain  relations  between  the  pitch-lines,  as  in  rolling  contact. 

176.  Chain  Pulley*  and  Gearing  Chains.— A  chain  pulley  in  some 
cases  is  merely  a  circular  grooved  pulley  for  guiding  a  chain :  or  a 
cylindrical  barrel  on  which  a  chain  is  wound,  being  made  fast  at 
one  end  to  the  barrel,  as  in  cranes ;  and  those  need  no  special 
description.  But  when  a  chain  is  to  drive  or  to  be  driven  by  a 
pulley  to  which  it  is  not  made  fast,  the  acting  surface  of  the  pulley 
must  be  adapted  to  the  figure  of  the  chain,  so  as  to  insure  a 
sufficient  hold  between  them.  Amongst  chain  pulleys  of  this  kind 
are  included  capstans  and  windlasses. 

The  pitch-line  of  a  true  chain  pulley  is  a  polygon,  as  exemplified 
in  figs.  130  and  131,  in  each  of  which  figures  the  angles  of  the 
pitch  polygon  are  marked  by  black  sj>ots,  and  its  sides  by  dotted 
lines.  Each  side  of  the  pitch  polygon  is  equal  to  what  may  be 
called  the  pitch,  or  effective  length,  of  a  link  of  the  chain.  When 
the  links  consist  of  flat  bars  of  equal  length,  connected  by  means 
of  cylindrical  pins,  as  in  fig.  130,  the  pitch  of  each  link  is  the  same, 
being  the  distance  between  the  centres  of  two  pins;  and  the  pitch- 
line  accordingly  is  an  equilateral  polygon  (in  the  figure  a  regular 
hexagon).  When  the  chain  consists  of  oval  links,  like  those  of  a 
chain-cable,  as  in  fig.  131,  the  pitch  of  a  link  which  lies  flatwise  on 
the  rim  of  the  pulley  is  equal  to  its  longer  internal  diameter  plus 
the  diameter  of  the  iron,  and  the  pitch  of  a  link  which  stands 
edgewise  on  the  rim  of  the  pulley  is  equal  to  its  longer  interval 
diameter  minus  the  diameter  of  the  iron ;  so  that  the  pitch  polygon 
has  long  and  short  sides  alternately  (in  the  figure  there  are 
twelve  sides — six  long  and  six  short;  and  the  length  of  a  long  side 
is  to  that  of  a  short  side  as  5  to  3).  In  fig.  130  the  pulley  is 
simply  a  polygonal  prism;  in  fig.  131  it  has  hollows  to  tit  those 
which  stand  edgewise. 
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Each  of  the  pulleys  shown  in  these  figures  has  teeth ;  and  the 
traces  of  the  acting  surfaces  of  the  teeth  are  circular  arcs,  described 
about  the  adjacent  angles  of  the  pitch  polygons.     In  fig.  130  the 


Fig.  13a 


Fig.  131. 


chain  consists  of  double  and  single  links  alternately;  and  the  sides 
of  the  pulley  are  provided  alternately  with  single  teeth  and  with 
pairs — a  single  tooth  where  each  double  link  lies,  and  a  pair  of 
teeth  for  each  single  link  to  lie  between.  Sometimes  the  pulley  is 
provided  with  single  teeth  only — one  in  the  middle  of  each  side  on 
which  a  double  link  lies.  Chains  of  the  shape  shown  in  fig.  130 
are  made  with  various  numbers  of  parallel  and  similar  bars  in  each 
link,  according  to  the  strength  required.  Of  course,  the  number  of 
bars  in  a  link  is  even  and  odd  alternately.  Such  chains  are  also 
sometimes  made  with  links  of  leather,  connected  together  by  brass 
pins,  and  are  used  to  communicate  motion  between  cylindrical 
drums.  The  object  of  this  is  to  have  greater  flexibility  than  is 
possessed  by  a  fiat  leather  belt.  In  fig.  131  each  short  side  only 
of  the  polygon  is  provided  with  a  pair  of  teeth,  which  receive  a  link 
standing  edgewise  between  them,  and  press  against  the  end  of  a 
link  that  lies  flatwise. 

Sometimes  a  chain  pulley  consists  of  a  number  of  radiating 
forks,  forming  as  it  were  a  reel;  this  is  called  a  sprocket-wheel. 
Sometimes  it  has  a  triangular  gorge,  with  radiating  ribs  on  the 
inner  surface  of  each  of  the  ledges. 

177.  Saapeaded  Pullers. — When  rotation  is  transmitted,  by  means 
of  two  pairs  of  pulleys  connected  by  cords,  from  one  &na&  Xfcxtro^ 
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an  intermediate  shaft  to  a  third  shaft,  having  its  axis  in  one 
straight  line  with  the  first  shaft,  the  waste  of  work  in  over- 
coming friction  may  be  diminished  by  supporting  the  intermediate 
shaft  without  bearings :  its  weight  being  simply  hung  by  means  of 
the  cords  from  the  pulleys  on  the  other  two  shafts ;  and  care  being 
taken  to  load  the  intermediate  shaft  so  as  to  produce  the  tension 
on  the  cords  which  is  required  iii  order  to  transmit  the  motion. 

What  that  tension  ought  to  be 
is  a  question  belonging  to  the 
dynamics  of  machinery.     This 

contrivance   appears   to   have 

C 3  \ A     been    first  introduced   by  Sir 

William  Thomson.  In  fig.  1 32 
A  is  the  first  aud  C  the  third 
shaft,  and  B  is  the  intermediate 
shaft,  suspended  by  means  of 
the  cords  that  pass  round  its 
pulleys;  D,  D  are  heavy  round 
discs,  of  the  weights  required  in 
order  to  give  sufficient  tension 
Fig.  132.  to  the  cords.      The   shaft  B, 

aud  all  the    pieces  which  it 
carries,  should  be  very  accurately  balanced. 


•c 


Section  VI. — Connection  by  Linkwork. 

178.  DrflnitUnfc  (A.  M.,  484.) — The  pieces  which  are  connected 
by  linkwork,  if  they  rotate  or  oscillate,  are  usually  called  cranks, 
beams,  and  levers.  The  link  by  which  they  are  connected  is  a 
rigid  bar,  which  may  be  straight  or  of  any  other  figure :  the  straight 
figure,  being  the  most  favourable  to  strength,  is  used  when  there 
is  no  special  reason  to  the  contrary.  The  link  is  known  by 
various  names  under  various  circumstances,  such  as  coupling-rod, 
connecting-rod,  crank-rod,  eccentric-rod,  <fcc.  It  is  attached  to  the 
pieces  which  it  connects  by  two  pins,  about  which  it  is  free  to 
turn.  The  effect  of  the  link  is  to  maintain  the  distance  between 
the  centres  of  those  pins  invariable;  hence  the  line  joining  the 
centres  of  the  pins  is  the  line  of  connection;  and  those  centres  may 
be  called  the  connected  points.  In  a  turning  piece  the  perpen- 
dicular let  fall  from  its  connected  point  upon  its  axis  of  rotation  in 
the  arm  or  crank-arm.  If  the  motions  of  the  pieces  are  performed 
parallel  to  one  plane,  or  about  one  central  point,  the  pins  are  almost 
always  cylindrical,  with  their  axes  perpendicular  to  the  plane, 
or  traversing  the  point,  as  the  case  may  be.  In  all  other  cases  the 
acting  surfaces  of  the  pins  must  be  portions  of  spheres  described 
about   the  connected  points — making  what  are  called  ball-and- 
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socket  joints;   unless  universal  joints  are   used,  which  will   be 
described  farther  on. 

179.  PriMcipic* •rc«nneet!««.  (A.M.  485.) — All  questions  as 
to  the  comparative  motions  of  a  pair  of  pieces  connected  by  a  link 
may  be  solved  by  means  of  the  general  principles  and  rules  given 
in  Article  91,  pages  78  to  80,  and  illustrated  by  figs.  57  and  58. 
The  axes  of  rotation  of  a  pair  of  turning  pieces  connected  by  a 
link  are  almost  always  parallel  to  each  other,  and  per)>endicular  to 
the  line  of  connection;  in  which  case  the  angular  velocity-ratio  at 
any  instant  is  the  reciprocal  of  the  ratio  of  the  common  per- 
pendiculars let  fall  from  the  line  of  connection  upon  the  axes  of 
rotation. 

Another  method  of  treating  questions  of  link  work  is  to  find,  by 
the  principles  of  Article  69,  pages  46  to  50,  the  instantaneous 
axis  of  the  link;  for  the  two  connected  points  move  in  the  same 
manner  with  two  points  in  the  link,  considered  as  a  rigid 
body. 

If  a  connected  point  belongs  to  a  turning  piece,  the  direction  of 
its  motion  at  a  given  instant  is  perpendicular  to  the  plane  contain- 
ing the  axis  and  crank-arm  of  the  piece.  If  a  connected  point 
belongs  to  a  shifting  piece,  the  direction  of  its  motion  at  any 
instant  is  given,  and  a  plane  can  be  drawn  perpendicular  to  that 
direction. 

The  line  of  intersection  of  the  planes  perpendicular  to  the  paths 
of  the  two  connected  points  at  a  given  instant  is  the  instantaneous 
axis  of  Hit  link  at  that  instant ;  and  the  velocities  of  tJte  connected 
points  are  directly  as  tJieir  distances  from  that  axis. 

In  drawing  on  a  plane  surface,  the  two  planes  perpendicular  to 
the  paths  of  the  connected  points  are  represented  by  two  lines 
(being  their  traces  on  a  plane  normal  to  them),  and  the  instanta- 
neous axis  by  a  point;  and  should  the  length  of  the  two  lines 
render  it  impracticable  to  produce  them  until  they  actually  inter- 
sect, the  velocity-ratio  of  the  connected  points  may  be  found  by 
the  principle,  that  it  is  equal  to  the  ratio  of  the  segments  which  a 
line  parallel  to  the  line  of  conuectiou  cuts  off  from  any  two  lines 
drawn  from  a  given  point  perpendicular  respectively  to  the 
paths  of  the  connected  points.  Examples  will  be  given  further 
on. 

180.  Dea4  P*iata.  (A.  M.,  486.) — If  at  any  instant  the  plane 
traversing  one  of  the  crank-arms  and  its  axis  of  rotation  coincides 
with  the  line  of  connection,  the  common  perpendicular  of  the 
line  of  connection  and  the  axis  of  that  crank-arm  vanishes, 
and  the  directional  relation  of  the  motions  becomes  indeter- 
minate. The  position  of  the  connected  point  of  the  crank  arm  in 
question  at  such  an  instant  is  called  a  dead  point.  The  velocity 
of  the  other  connected  point  at  that  instant  is  nu\\°,  vrntasa  \\» 
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also  reaches  a  dead  point  at  the  same  instant,  so  that  the  lint 
of  connection  is  in  the  plane  of  the  two  axes  of  rotation;  in 
which  case  the  velocity-ratio  is  indeterminate. 

181.  OmpM  Pamiiei  skate.  (A .  M.,  487.) — There  are  only  two 
eases  in  which  an  uniform  angular  velocity-ratio  (being  that  of 
equality)  is  communicated  by  linkwork.  One  of  them  is  that  in 
which  two  or  more  parallel  shafts  (such  as  those  of  the  driving  wheels 
of  a  locomotive  engine)  are  made  to  rotate  with  constantly  equal 
angular  velocities,  by  having  equal  cranks,  which  are  maintained 
parallel  by  a  coupling  rod  of  such  a  length  that  the  line  of  connec- 
tion is  equal  to  the  distance  between  the  axes.  The  cranks  pass 
their  dead  points  simultaneously.  To  obviate  the  unsteadiness  of 
motion  which  this  tends  to  cause,  the  shafts  are  provided  with  a 
second  set  of  cranks  at  right  angles  to  the  first,  connected  by 
means  of  a  similar  coupling  rod,  so  that  one  set  of  cranks  pass 
their  dead  points  at  the  instant  when  the  other  set  are  farthest 
from  theirs.     (See  fig,  32,  page  44.) 

This  elementary  combination  belongs  to  Willis's  Class  A. 

182.  iHw-Ltek. — The  term  drag-link  is  applied  to  a  link,  as 

C  D,  fig.  133,  which  connects 
together  two  cranks,  A  C  and 
B  D,  so  as  to  make  them 
perform  a  complete  revolu- 
tion in  the  same  time  and 
in  the  same  direction.  The 
cranks  may  be  equal  or  un- 
equal. If  the  two  axes  (whose 
traces  in  the  figure  are  A  and 
B)  are  parts  of  one  straight 
line  (that  is,  if  the  points  A 

and  B  coincide),  the  angular  velocities  of  the  cranks  are  equal  at 
every  instant,  and  the  combination  belongs  to  Willis's  Class  A^ 
and  such  is  the  action  of  the  drag-link  when  used  as  a  coupling. 
If  the  axes  are  not  parts  of  one  straight  line  (so  that  A  and  B  are 
different  points),  the  velocity-ratio  varies,  and  the  combination 
belongs  to  Class  B. 

In  most  cases  the  crank  which  is  the  driver  goes  foremost,  and 
pulls  the  follower  after  it;  and  hence  the  name  of  "  drag-link." 

The  following  are  rules  to  be  observed  in  determining  the 
dimensions  of  the  parts. 

I.  In  order  that  the  directional  relation  may  be  constant* 
each  of  tiie  crank-arms,  A  C,  B  D,  sliould  be  longer  Hum  the  line  qf 
centres,  A  B. 

II.  For  the  same  reason,  and  also  in  order  that  there  may  b* 
no  dead-points,  the  length  of  the  line  of  connection,  C  D,  should  b* 
greater  than  the  lesser  segment,  £  F,   and  lees  than  the  greater 
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segment,  F  G,  into  ux&tc&  Jfo  diameter,  "EG,  of  the  greater  of  the  two 
circles  described  by  Hie  connected  points  is  divided  by  the  other  circle. 
This  principle  holds  ako  when  those  circles  are  equal,  and  is  then 
applicable  to  the  diameter  of  either  of  them.  In  other  worda, 
0  D  is  to  be  made 

Greater  than  AB  +  AC-BD, 
and  less  than  AC  +  BD-AB. 

The  comparative  motions  may  be  found  by  either  of  the  follow- 
ing rules : — 

III.  To  find  the  angular  velocity-ratio  in  a  given  position  of  the 
cranks:  on  the  line  of  connection,  C  D,  let  fall  from  the  axes  th# 
perpendiculars,  AL,  BM;  then 

Angular  velocity  of  B  D  _  AL, 
Angular  velocity  of  A  C       BM' 

Or  otherwise :  produce  the  line  of  connection,  G  D,  till  it  cuts  the 
line  of  centres  in  I ;  then 

Angular  velocity  of  B  D  _  I  A 
Angular  velocity  of  A  C       I  B' 

When  C  D  is  parallel  to  A  B  the  angular  velocities  are  equal. 

IV.  To  find  the  linear  velocity-ratio  of  t/ie  connected  points: 
in  a  given  position  of  the  cranks  produce  the  crank-arras  until  they 
intersect ;  their  point  of  intersection,  K,  will  be  the  trace  of  the 
instantaneous  axis  of  the  link ;  then 

Telocity  of  D  _  K  D 
Velocity  of  C       K  0 ' 

The  limits  between  which  that  velocity-ratio  fluctuates  are 

— — ,  when  B  D  traverses  A,  and  -7-7= 7-=,  when  A  C 

AC  AU  -  Ai> 

traverses  B. 

The  two  shafts,  in  their  rotation,  may  be  regarded  as  alternately 
overtaking  and  falling  behind  each  other  by  an  angle  which  we 
may  call  the  angular  displacement.  The  complete  angular  dis- 
place nent  is  attained  in  two  opposite  directions  alternately,  at  the 
two  instants  when  the  angular  velocities  of  the  shafts  are  equal : 
that  is,  when  the  line  of  connection  is  parallel  to  the  line  of 
centres.  The  following  is  a  rule  for  designing  a  drag-link  motion? 
wth  equal  cranks,  which  shall  produce  a  given  angular  displace- 
ment; and  although  not  the  only  rule  by  which  that  problem 
might  be  solved,  it  appears  to  be  the  simplest  in  its  application. 

V.  In  fig.  134  draw  two  straight  lines,  C  0  c,  DO  d,  wrt&R% 
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Fig.  134. 


each  other  at  right  angles  in  the  point  O;  lay  off  along  those  lines 
the  equal  lengths  O  C  =  O  D.  From  C  and  D  draw  the  straight 
lines  C  A,  D  B,  making  the  angles  OCA=ODB  =  half  tlta 
given  angular  displacement,  and  cutting  O  d  and  O  c  respectively 

,. — „  in  A  and  B.     Join   A  B 

and  C  D.  Then  A  B  will 
represeutthe  line  of  centres ; 
A  C  and  BD  the  two  crank- 
arms;  and  0  D  the  line  of 
connection. 

The  position  of  the  parts 
represented  will  be  that  in 
which  the  angle  between 
the  crank-arms  is  least  To 
show,  if  required,  the  posi- 
tion of  the  parts  when  that 
angle  is  greatest,  lay  off 
O  c  and  O  d  equal  to  O  C 
and  O  D,  and  join  A  c, 
B  d,  and  c  d. 

183.    I*ink    for    Contrary 

Rotation*. — The  only  other 
elementary  combination  by  link  work  which  belongs  to  Willis's 
Class  B  is  that  in  which  two  equal  crauks,  rotating  about  parallel 
axes  in  contrary  directions,  are  connected  by  means  of  a  link  equal 
in  length  to  the  line  of  centres.  This  has  been  already  described 
in  Article  108,  page  97,  and  represented  in  fig.  72,  page  96,  as  a 
contrivance  to  aid  the  action  of  elliptic  wheels.  There  are  two 
dead  points  in  each  revolution  which  the  pius  pass  at  the  instant 
when  the  line  of  connection  coincides  with  the  line  of  centres; 
consequently  the  link  is  not  well  adapted  to  act  alone,  and  requires 
a  pair  of  elliptic  wheels,  or  of  elliptic  pulleys  (Article  175,  page 
189),  to  ensure  the  accurate  transmission  of  the  motion. 

184.  Unkwork  with  Reciprocating   Motion — Crank   and  Ream — 

Crank  and  Pi»ion-Rod.  (A.  M.t  488.) — The  following  are  examples 
of  the  most  frequent  cases  in  practice  of  link  work  belonging  to 
Willis's  Class  0,  in  which  the  directional  relation  is  recipro- 
cating; and  in  determining  the  comparative  motion,  they  are 
treated  by  the  method  of  instantaneous  axes,  already  referred  to  in 
Article  179,  page  193:— 

Example  I.  Two  Turning  Pieces  with  Parallel  A  xes,  such  as  a 
beam  and  crank  (fig.  135). — Let  C,,  C2,  be  the  parallel  axes  of  the 
pieces;  Tlf  T2,  their  connected  points;  Cx  T,,  C2  T2,  their  crank 
arms;  Tx  T2,  the  link.  At  a  given  instant  let  v1  be  the  velocity 
of  Tj ;  v2  that  of  T^ 

To  find  the  ratio  of  those  velocities,  produce  Ct  Tv  C2  T2,  till 
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they  intersect  in  K;  K  is  the  instantaneous  axis  of  the  link  or 
connecting-rod,  and  the  velocity-ratio  is 

vx  :  t>2  : :  K  Tx  :  K  T^ (1.) 

Should  K  be  inconveniently  far  off,  draw  any  triangle  with  its  sides 
respectively  parallel  to  Cx  T,,  C2  Tg,  and  T,  T2 ;  the  ratio  of  the 
two  sides  first  mentioned  will  be  the  velocity-ratio  required.  For 
example,  draw  C2  A  parallel  to  G1  Tv  cutting  Tx  T2  in  A;  then 

• (2) 


Va    I  •    v^O  A    *    ^y°    ^-e< 


Fig.  185. 


Fig.  136. 


Example  II.  Rotating  Piece  and  Sliding  Piece,  such  as  a  piston- 
rod  and  crank  (fig.  136). — Let  C2  be  the  axis  of  a  rotating  piece,  and 
Tt  R  the  straight  line  along  which  a  sliding  piece  moves.  Let  T„ 
Tg,  be  the  connected  points;  C2  T2,  the  crank  arm  of  the  rotating 
piece;  and  T,  Tv  the  link  or  connecting  rod.  The  points  Tlf  Tg, 
and  the  line  Tj  K,  are  supposed  to  be  in  one  plane,  perpendicular 
to  the  axis  CL.  Draw  Tx  K  perpendicular  to  Tj  R,  intersecting 
C,  T2  in  K ;  K  is  the  instantaneous  axis  of  the  link ;  and  the  rest 
of  the  solution  is  the  same  as  in  Example  I. 

185.  (A.  M.t  489.)  An  Eccentric  (tig.  137)  being  a  circular  disc 
keyed  on  a  shaft,  with  whose  axis  its  centre  does 
•tot  coincide,  and  used  to  give  a  reciprocating 
motion  to  a  rod,  is  equivalent  to  a  crank  whose 
connected  point  is  T,  the  centre  of  the  eccentric 
disc,  and  whose  crank  arm  is  0  T,  the  distance 
of  that  point  from  the  axis  of  the  shaft,  called 
the  eccentricity. 

An  eccentric  may  be  made  capable  of  having  its  eccentricity 
altered  by  means  of  an  adjusting  screw,  so  as  to  vary  the  extent  of 
the  reciprocating  motion  which  it  communicates,  and  which  is 
called  the  throw,  or  travel,  or  length  of  stroke. 

186.  (A.  i/.,  490.)  The  i«cagth  mf  Stroke  of  a  point  in  a  recipro- 
cating piece  is  the  distance  between  the  two  ends  of  ti&  \»X\i  \\k 


Fig.  137. 
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which  that  point  moves.  When  it  is  connected  by  a  link  with  a 
point  in  a  continuously  rotating  piece,  the  ends  of  the  stroke  of 
the  reciprocating  point  correspond  with  the  dead  points  of  the  con- 
tinuously rotating  piece  (Article  180,  page  193). 

I.  W/ien  t/ie  crank-arm  and  the  path  of  the  connected  point  in  the 
reciprocating  piece  are  given,  to  find  the  stroke  and  the  dead  points. 
If  the  connected  point  in  the  reciprocating  piece  moves  in  a  straight 
line  traversing  and  perpendicular  to  the  axis  of  the  turning  piece, 
the  length  of  stroke  is  obviously  twice  the  crank-arm.  If  that 
connected  point  moves  in  any  other  path,  let  F  F,  in  fig.   138, 

represent  that  path,  A  the  trace  of  the  crank- 
axis,  and  A  D  =  A  £  the  crank-arm.  From 
the  point  A  to  the  path  F  F  lay  off  the  dis- 
tances A  B  =  the  line  of  connection  —  the 
crank-arm,  and  A  C  =  the  line  of  connection 
+  the  crank-arm ;  then  B  C  will  be  the  stroke 
of  the  connected  point  in  the  reciprocating 
piece.  Draw  the  straight  lines  C  E  A  and 
BAD,  catting  the  circular  path  of  the  crank- 
pin  in  the  points  £  and  D :  these  will  be  the 
dead  points. 

II.  Wlien  Hie  crank-arm,  A  D  =  A  E,  the 
length  of  the  line  of  connection,  and  Oie  dea/l 
points,  D  and  E,  are  given,  to  find  tJie  two  ends 
of  the  stroke  of  the  connected  point  in  the 
reciprocating  piece.  In  D  A  and  A  E  pro- 
duced, make  D  B  and  E  C  each  equal  to  the 
length  of  the  line  of  connection ;  B  and  C  will 
be  the  required  ends  of  the  stroke. 

When  the  path  of  the  connected  point  in 
the  reciprocating  piece  is  a  straight  line,  the 
preceding  principles  may  be  thus  expressed  in 
algebraical  symbols: — 
Fig.  188.  Let  S  be  the  length  of  stroke,  L  the  length 

of  the  line  of  connection,  and  R  the  crank- 
Then,  if  the  two  ends  of  the  stroke  are  in  one  straight  line 
with  the  axis  of  the  crank, 

S  =  2R; (1.) 

and  if  their  ends  are  not  in  one  straight  line  with  that  axis,  then 
S,  L  —  R,  and  L  +  R,  are  the  three  sides  of  a  triangle,  having  the 
angle  opposite  S  at  that  axis;  so  that  if  t  be  the  supplement  of  the 
arc  between  the  dead  points, 

S2  =  2  (L*  +  R«)  -  2  (L«  -  W)  coa  i; 

2L*+2R«-  S*  y (2.) 


! 
IF 


cm  $=i 


2  (L*  -  W) 


•} 
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187.  Mrmum  Telocity  Rjfcti*. — Id  dynamical  questions  respecting 
machines,  especially  when  the  mode  of  connection  is  by  link  work, 
it  is  often  requisite  to  determine  the  mean  ratio  of  the  linear 
re  loci  tie*  of  a  pair  of  connected  points  during  some  definite  period  ; 
which  mean  ratio  is  simply  the  ratio  of  the  distances  moved 
through  by  those  points  in  that  period.  Three  cases  may  be  dis- 
tinguished, according  as  the  combination  of  linkwork  belongs  to 
Willis's  Class  A,  Class  B,  or  Class  C. 

In  Class  A  the  mean  velocity-ratio  is  identical  with  the  velocity- 
ratio  at  each  instant.  For  examples,  see  Article  181,  page  194, 
and  Article  182,  page  194. 

In  Class  B  the  mean  velocity-ratio  of  the  connected  points  during 
each  complete  revolution  is  that  of  the  circumferences  of  the 
circles  in  which  they  move.  For  examples,  see  Article  182,  page 
194,  and  Article  183,  page  196. 

In  Class  C  the  mean  velocity-ratio  of  the  connected  points  may 
be  taken  either  for  a  whole  revolution  of  the  revolving  point  and 
double  stroke  of  the  reciprocating  point,  or  it  may  be  taken 
separately  for  the  forward  stroke  and  return  stroke  of  the  recipro- 
cating point,  where  it  has  different  values  for  these  two  parts  of 
the  motion.  In  the  former  case  it  is  expressed  by  the  ratio  of 
twice  the  length  of  stroke  of  the  reciprocating  point  to  the 
circumference  of  the  circle  described  by  the  revolving  point ;  that 
is  to  say,  for  example,  in  fig.  138,  page  198,  by  the  ratio 

2BC 

Circumference  D  G  £  H ' 

In  the  latter  case,  the  two  mean  velocity-ratios  are  expressed  by 

the  proportions  borne  by  the  length  of  stroke  of  the  reciprocating 

point,  to  the  two  arcs  into  which  the  dead  points  divide  the  path 

of  the  revolving  point     For  example,  in  fig.  138,  those  two  ratios 

are  respectively — 

BC  ,  BC 

and 


ArcDGE'  ArcEHD* 

The  most  frequent  case  in  practice  is  that  represented  in  fig. 
136,  page  197,  where  the  reciprocatiug  point  moves  in  a  straight 
line  traversing  the  axis  about  which  the  revolving  point  moves ; 
and  in  that  case  the  mean  velocity-ratio  for  each  single  stroke  and 
for  a  whole  revolution  is 

2 
-    =  0-63662  nearly. 

188.  Extreme  TctocttMtetfo* — In  those  cases  in  which  one  of 
the  points  connected  by  a  link  revolves  continuously,  while  the 
other  has  a  reciprocating  motion,  it  is  often  desirable  to  determine 
the  greatest  value  of  the  ratio  borne  by  the  velocity  of  the  recinro- 
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eating  point  to  that  of  the  revolving  point     The  general  principle 

upon  which  that  greatest  ratio  defends  is  shown  in  fig.   139. 

in  which  T  represents  the  reciprocating  point,  and  T  the  revolving 

C  point;  T  T,  the  line  of 
connection;  and  C  T,  the 
crank-arm.  Let  C  A  be 
perpendicular  to  the  direc- 
tion of  motion  of  the 
reciprocating  point  T',  and 
let  A  be  the  point  where 
Fig.  189.  the  line  of  connection  cuts 

C  A;   then,  as  has  been 

already  shown  in  Acticle  184,  page,  196, 

Velocity  of  T  _  (^A 
Velocity  of  T  "CT; 

and  at  the  instant  when  that  ratio  is  greatest,  A  is  at  its  greatest 

distance  from  C ;  therefore,  at  that  instant  the  direction  of  motion 

of  the  point  A  in  the  line  of  connection  is  along  that  line  itself. 

Draw  lv  K  parallel  to  C  A,  produce  C  T  till  it  cuts  TKinK,  the 

instantaneous  centre  of  motion  of  the  link,  and  join  K  A ;  then 

the  direction  of  motion  of  the  point  A  in  the  line  of  connection  at 

any  instant  is  perpendicular  toAK;  and  therefore,  at  the  instant 

when  C  A  is  greatest,  A  K  is  perpendicular  to  A  T.     Upon  this 

proposition  depends  the  determination  of  the  greatest  value  of  the 

C  A 
ratio   p-rnj    but    that    determination    cannot   be   completed   by 

geometry  alone;  for  it  requires  the  solution  of  a  cubic  equation, 
as  stated  in  the  footnote. # 

*  In  fig.  139,  let  the  crank-arm  C  T  =  a ;  let  the  line  of  connection 
T  T'  =  b ;  these  two  Quantities  being  given ;  and  when  the  ratio  of  the 
velocity  of  T  to  that  of  T  is  a  maximum,  let  the  angle  C  T'  T  =  (I,  and  the 
angle  A  C  T  =  <t>. 

Solve  the  following  cubic  equation : — 

sin  60  —  sin  40  —  sin  »0  +  £a  =  0, (1.) 

so  as  to  determine  the  value  of  sin  a0,  which  is  the  only  root  of  that 
equation  that  is  positive  and  less  than  1.  Next,  calculate  the  value  of 
the  angle  <£,  or  those  of  its  trigonometrical  functions,  by  the  help  of  one  or 
more  of  the  following  equations  (each  of  which  implies  the  others) : — 

.       .  a   .    a      sin  2  0 

tan  *p  =  cos  0sin  0  =  -  -     -  : 


.    ^         .  f    sin  *0  —  sin'fl      > 
«*  ♦  =  ^  U+sin*0-sin«0 '} 

1 , 

c<*  *  ~  V{1  +  «n>0  -  sin  40);J 


(2.) 
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An  approximate  solution  of  this  question  may,  however,  be 
obtained  by  plane  geometry,  when  the  line  of  connection,  T  T,  is 
not  less  than  about  twice  the  crank -arm,  G  T.  It  consists  in 
treating  the  angle  at  T  as  if  it  were  a  right  angle  (from  which  it 
differs  by  the  angle  A  K  T);  and  thus  we  obtain 

J  (C  T*  +  T  T*2) 
T  V 


CA      ,       .  KCT 
Q-ji  =  (nearly)  ^^ 


When  T  T*  is  great  as  compared  with  C  T,  the  error  of  this 
solution  is  inappreciable,  or  nearly  so;  when  TT=  2  C  T,  the 
approximate  solution  is  too  small  by  about  one  per  cent.,  aud  is 
therefore  near  enough  for  practical  purposes;  when  T  T'  becomes 
less  than  2  C  T,  the  error  rapidly  increases,  so  as  to  make  the 
approximate  solution  inapplicable ;  but  cases  of  this  last  kind  are 
very  uncommon  in  practice. 

189.  D««Mtag  •€  Oscillation*  by  ijfnkvrork. — When  two  recipro- 
cating pieces  are  connected  by  means  of  a  link,  the  follower  may 
be  made  to  perform  two  oscillations  or  strokes  for  one  of  the 
driver,  in  the  following  manner: — In  fig.  140,  let  the  driver  be  an 
arm  or  lever,  AB;  A  its  axis  of  motion,  and  B  its  connected  point. 


.,'7\ 


\ 


*T 


y  a. 


/ 


*  _      \ 


V 
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Let  C  be  the  connected  point  of  the  follower,  and  B  C  the  link. 
Then  the  parts  of  the  combination  are  to  be  so  arranged  that  the 
straight  line  C  c,  which  traverses  the  two  ends  of  the  stroke  of  the 
point  C,  shall  traverse  also  the  axis  A,  and  shall  bisect  the  arc  of 

and  finally,  calculate  the  required  greatest  velocity-ratio  by  the  following 
formula  :— 


CA_  cos  (6  -  <f>) 
CT  cos* 


.(3.) 


In  the  two  extreme  cases  the  values  of  that  ratio  are  as  follows : — When  b 
is  immeasurably  longer  than  a,  C  AtCT  sensibly  =  1 ;  when  6  =»  a, 
CA4-CT«2. 
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motion,  b  B  b\  of  the  connected  point  B.  The  result  will  be,  that 
while  the  point  B  performs  a  single  stroke,  from  b  to  b\  the  point 
€1  will  perform  a  double  stroke,  from  c  to  C  and  back  again. 

If  C  is  a  point  in  a  second  lever,  that  second  lever  may,  by  means 
of  a  similar  arrangement,  be  made  to  drive  a  third  lever,  so  as  again 
to  double  the  frequency  of  the  strokes ;  and  thus,  by  a  train  of 
linkwork,  the  last  follower  may  have  the  frequency  of  its  strokes 
increased,  as  compared  with  those  of  the  first  driver,  in  a  ratio 
expressed  by  any  required  power  of  2. 

190.  Mfw  ihoUob  fcy  Liakwrk.  As  has  been  already  explained 
in  Article  180,  page  193,  when  the  connected  point  in  the  driver 
«f  an  elementary  combination,  by  linkwork  is  at  a  dead  point,  the 

velocity  of  the  connected 
point  of  the  follower  is 
nothing;  and  when  the 
connected  point  of  the 
driver  is  near  a  dead 
point,  the  motion  of  the 
connected  point  of  the 
follower  is  comparatively 
very  slow,  and  gradually 
increases  as  the  connected 
point  of  the  driver  moves 
away  from  the  dead  point. 
When,  therefore,  it  is 
Fig.  141.  desired  that  the  motion  of 

a  follower  shall,  at  and 
near  a  particular  position  of  the  combination,  be  very  slow  as 
•compared  with  that  of  the  driver,  or  as  compared  with  that  of 
the  follower  itself  when  in  other  positions,  arrangements  may  be 
used  of  the  class  which  is  exemplified  in  fig.  141  and  fig.  141a. 

In  fig.  141  the  lever  A  B,  turning  about  an  axis  at  A,  drives, 
by  means  of  the  link  B  D,  the  lever  C  D,  which  turns  about  an 
axis  at  C.  When  the  driving  lever  is  in  the  position  marked  A  B, 
it  is  in  one  straight  line  with  the  link  B  D ;  so  that  B  is  a  dead 
point,  and  the  velocity  of  the  follower  is  nulL  As  the  connected 
point  of  the  driver  advances  from  B  towards  b,  the  connected  point 
of  the  follower  advances  from  D  towards  d,  with  a  comparative 
velocity  which  is  at  first  very  small,  and  goes  on  increasing  by 
degrees.  When  the  motion  is  reversed,  the  comparative  velocity 
of  the  latter  point  gradually  diminishes  as  it  returns  from  d 
towards  D,  and  finally  vanishes  at  the  last-named  point  Motions 
pf  this  kind  are  useful  in  the  opening  and  closing  of  steam-valves, 
in  order  to  prevent  shocks. 

Fig.  141 A  shows  a  train  of  two  elementary  combinations  of  the 
eame  kind  with  that  just  described;  the  effect  being,  to  make  the 


LINKWOBK— UKIVEBBAL  JOINT. 


molion  of  a  third  connected  point,  E,  quite  insensible  during  a 
certain  put  of  the  motion  of  the  first  connected  point,  B, 


tOC„0  C„  and 


Fig.  141  x 
191.  (A.  M.,  491.)  HMkA  CHrlhif,  a*  D.iT.n.1  JT.i.i  (fig.  142), 

is  a  contrivance  for  coupling  shafts  whose  axes  intersect  each  other 
in  a  point. 

Let  O  be  the  point  of  intersection  of  the  a 
i  their  angle  of  inclination  to  each 
other.  The  pair  of  shafts  C.,  C2, 
terminate  in  a  pair  of  forks,  F„  Fj,  H 
in  bearings  at  the  extremities  of 
which  turn  the  pivots  at  the  ends  of 
the  arms  of  a  rectangular  cross 
having  its  centre  at  0.  This  cross 
is  the  link;  the  connected  points  are 
the  centres  of  the  bearings  F1,  Fs. 
At  each  instant  each  of  those  points  pj     li2 

moves  at  right  angles  to  the  central 

plane  of  its  shaft  aud  fork ;  therefore  the  line  of  intersection  of  the 
central  planes  of  the  two  forks,  at  any  instant,  is  the  instantaneous 
axis  of  the  cross;  and  the  velocity-ratio  of  the  points  F,,  F2  (which, 
as  the  forks  are  equal,  is  also  the  angular  velocity-ratio  of  the  shafts), 
is  equal  to  the  ratio  of  the  distances  of  those  points  from  that 
instantaneous  axis.  The  mean  value  of  that  velocity -ratio  is  that 
of  equality;  for  each  successive  quarter  turn  is  made  by  both 
■hafts  in  the  same  time;  but  its  instantaneous  value  fluctuates 
between  the  limits, 
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1  1 

.  when  Fx  is  in  the  plane  of  the  axes; 


cos  i 


-  -  cos  t  when  F2  is  in  that  plana 


f 

J 


...(1.) 


The  following  is  the  geometrical  construction  for  finding  the 
position  of  one  of  the  shafts  which  corresponds  to  any  given  position 
of  the  other ;  also  the  velocity-ratio  corresponding  to  that  position : — 
Let  the  shaft  whose  position  is  given  be  called  the  first  shaft,  and 
the  other  the  second  shaft;  and  let  the  corresponding  arms  of  the 
cross  be  called  the  first  and  second  arms  respectively. 

In  fig.  143,  let  O  be  the  point  of  intersection  of  the  axes  of  the 
two  shafts,  and  let  the  plane  of  projection  be  a  plane  traversing  O, 


and  normal  to  the  axis  of  the  second  shaft.  Let  A  O  a  be  the  trace 
of  the  plane  of  the  two  axes,  and  C  O  C,  perpendicular  to  A  O  a, 
a  normal  to  that  plane.  With  any  convenient  radius,  O  A,  describe 
a  circle  about  O.  Lay  off  the  angle  A  O  D  equal  to  the  angle  i, 
which  the  axes  of  the  shafts  make  with  each  other.     Through  D, 

O  B 

parallel  to  C  C,  draw  D  B,  cutting  O  A  in  B;  then  0  -  -  =  cos  i  is 

the  velocity-ratio  of  the  second  to  the  first  axis,  when  the  first  arm 

O  A         1 

coincides  with  O  C  and  the  second  with  O  A ;  and  ^—^  = :  = 

O  B      cost 

sec  i  is  the  velocity-ratio,  when  the  first  arm  coincides  with  O  A, 

And  the  second  with  O  C. 
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About  O,  with  the  radius  O  B,  describe  a  circle.  Draw  the 
radius  O  Ff,  cutting  the  two  circles  in  E  and  /respectively,  and 
making  the  angle  AO/=  the  given  angle  which  the  first  arm 
makes  with  the  plane  of  the  axes: — in  other  words,  let  Of  be  the 
rabatment  of  the  first  arm,  made  by  rabatting  a  plane  normal  to 
the  first  axis  upon  the  plane  of  projection.  Through  E,  parallel  to 
0  C,  draw  E  Fx;  aud  through  /,  parallel  to  O  A,  draw/  F1 ;  the 
point  FT  will  be  the  projection  of  the  point  whose  rabatment  is/ 
Draw  the  straight  line  O  Fl;  this  will  be  the  projection  of  the  first 
arm  on  a  plane  normal  to  the  second  axis.  Then  perpendicular  to 
0  Fx  draw  O  F2 ;  this  will  be  the  required  position  of  the  second 
arm. 

The  projection  of  the  path  of  the  point  F,  is  the  ellipse  C  B  C. 

To  find  the  angular  velocity-ratio  corresponding  to  the  given 
position  of  the  arms ;  about  any  convenient  point,  G,  in  A  O  a, 
describe  a  circle  through  O,  cutting  Fx  O  and  /  O  (produced  if 
required)  in  H  and  h  respectively ;  from  which  points  draw  H  K 
and  h  k  parallel  to  O  C,  and  cutting  A  O  a  in  K  and  k  respectively. 
Then  we  have 

a\  =  ~~kh <"> 

The  particular  form  of  universal  joint  shown  in  fig.  142  is  chosen 
in  order  to  exhibit  all  the  parts  distinctly.  In  practice,  the  joint 
is  often  made  much  more  compact,  the  forks  not  having  more 
space  between  them  and  the  cross  than  is  necessaiy  in  order  to 
admit  of  the  required  exteut  of  motion  of  the  cross-arms,  and  the 
cross  being  sometimes  made  in  the  form  of  a  circular  disc,  or  of  a 
ring,  or  of  a  ball,  with  four  pivots  projecting  from  its  circumference. 
Where  the  angle  of  obliquity  of  the  two  shafts  (i)  is  small,  each  of 
the  forks  is  often  made  in  the  form  of  a  round  disc  on  the  end  of 
the  shaft,  having  a  pair  of  projecting  horns  or  lugs  to  carry  the 
bearings  of  the  pivots. 

The  universal  joint  belongs  to  Willis's  Class  B.  When  used  as 
a  coupling,  it  is  liable  to  the  objection,  that  although  the  mean 
velocity-ratio  is  uniform,  being  that  of  equality,  the  velocity-ratio 
at  each  instant  fluctuates,  and  thus  gives  rise  to  vibratory  and 
unsteady  motion. 

192.  (A.  M.,  492.)  The  Doable  n<x>ke<.  j«im  (fig.  144)  is  used  to 
obviate  the  vibratory  and  unsteady  motion  caused  by  the  fluctuation 

*  In  algebraical  symbols,  let  </>,  -=  A  0/,  and  </>2  =  A  0  F9,  he  the  angles 
made  by  the  first  and  second  arm  respectively  at  a  given  instant  with  the 
plane  of  the  axes  of  the  shafts;  then 

tan  0,  *  tan  <f>9  =  cos  i ;  and 
a9  __      d  <t>,  __  sin  2  <f>a  __  tan  <ftt  +  cotan  <t>x 
«i  ~~      (t  <Pi  ~~  sin  2  <f>t  "  tan  <f>2  +  cotan  <J>% 
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Fig.  144. 


of  the  Telocity-ratio  which  has  already  been  mentioned.     Between 
the  two  shafts  to  be  connected,  Clf  C3,  there  is  introduced  a  short 

intermediate  shaft,  C2,  making  equal 
f1  angles  with  Cx  and  C3,  connected 
with  each  of  them  by  a  Hooke's 
joint,  and  having  both  its  own  forks 
in  the  same  plane.  The  effect  of 
this  combination  is,  that  the  angular 
velocities  of  the  first  and  third  shafts 
are  equal  to  each  other  at  every 
instant ;  and  that  the  planes  of  the  first  and  third  forks  make,  at 
every  instant,  equal  angles  with  the  plane  of  the  three  axes.  Hence, 
as  regards  the  comparative  motion  of  the  first  and  third  shafts,  the 
double  Hooke's  joint  belongs  to  Class  A ;  but  as  regards  the  motion 
of  the  second  or  intermediate  shaft,  it  belongs  to  Class  B.* 

The  double  Hooke's  joint  works  correctly  when  the  third  shaft 
is  parallel  to  the  first,  as  well  as  in  the  position  shown  in  the 
figure. 

103.  Hookc-ond-oidhnm  Coupling. — This  name  may  be  given  to 
an  universal  joint  in  which  the  pivots  of  the  cross  are  capable  of 
sliding  lengthwise  as  well  as  of  turning  in  their  bearings  in  the 
horns  of  the  forks.  It  combines  the  properties  of  Hooke's  coupling 
with  that  of  Oldham's  coupling,  formerly  described  (Article  15S, 
page  166);  that  is  to  say,  it  is  capable  of  transmitting  motion 
between  shafts  whose  axes  are  neither  parallel  nor  intersecting.  It 
acts  by  sliding  contact  and  linkwork  combined:  when  single,  it 
belongs  to  Class  B;  and  when  double,  with  the  axes  of  the  three 
shafts  in  parallel  planes,  and  the  first  and  third  making  equal 
angles  with  the  intermediate  axis,  to  Class  A. 

104.  Intermittent  Linkwork — Elicit  nnd  Ratchet. — A  click  or  catch, 

being  a  reciprocating  bar  (such  as  B  C  in  figs.  145  and  146)  acting 
upon  a  ratchet  wheel  or  rack,  which  it  pushes  or  pulls  through  a 
certain  arc  at  each  forward  stroke,  and  leaves  at  rest  at  each  back- 
ward stroke,  is  an  example  of  intermittent  linkwork.  During  the 
forward  stroke,  the  action  of  the  click  is  governed  by  the  principles 
of  linkwork;  during  the  backward  stroke,  that  action  ceases.  A 
fixed  catch,  or  pall,  or  detent  (such  as  b  c  in  fig.  145),  turning  on  a 
fixed  axis,  prevents  the  ratchet  wheel  or  rack  from  reversing  its 
motion. 


*  Let  i  be  the  angle  of  inclination  of  Ct  and  C„  pjid  also  that  of  C,  and 
C„.  Let  0t>  4>a>  4>s>  be  the  ancles  made  at  a  given  instant  by  the  planes  of 
the  forks  of  the  three  shafts  with  the  plane  of  their  axes,  and  let  alt  alt  a„ 
be  their  angular  velocities.     Then 


whence 


tan  4>9  '  tan  rf>3  =  cos  i  =  tan  <t>L  '  tan  (pa ; 
tan  (pi  =  tan  4>x ;  and  a,  =  ax. 
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n*  tjfotive  drake,  being  the  space  through  which  the  ratchet  is 
cbxven  by  each  forward  stroke  of  the  click,  is  necessarily  once,  or  a 


Fig.  145. 

whole  number  of  times,  the  pitch  of  the  teeth  of  the  ratchet;  and 
it  is  obvious  that  the  length  of  the  total  stroke  of  the  click  must 
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be  greater  than  the  effective  stroke,  and  less  than  the  next  greater 
whole  number  of  times  the  pitch.  It  is  advisable,  when  practicable, 
to  make  the  excess  of  the  total  above  the  effective  stroke  no  greater 
than  is  just  sufficient  to  ensure  that  the  click  shall  clear  each 
successive  tooth  of  the  ratchet.  In  tigs.  145  and  146  the  effective 
stroke  is  once  the  pitch  of  the  ratchet;  in  tig.  147,  twice  the 
pitch. 

A  catch  may  be  made  to  drop  into  its  place  in  front  of  each 
successive  tooth  either  by  gravity  or  by  the  pressure  of  a  spring, 
according  to  the  circumstances  of  the  case. 

Some  clicks  act  by  thrusting,  as  B  C  in  fig.  145,  and  B  C  in  tig. 
146;  others  by  pulling,  as  b  c  in  tig.  145. 

The  direction  of  the  pressure  between  a  click  and  a  tooth  is 
nearly  a  normal  to  the  acting  surfaces  of  the  click  and  tooth  at 
the  centre  of  their  area  of  contact;  for  example,  in  tig.  145,  the 
dotted  lines  marked  C  D,  c  d,  and  in  tig.  146,  the  dotted  line 
marked  C  D.  In  order  that  a  click  may  be  certain  not  to  lose  its 
hold  of  the  tooth,  that  normal  onglU  to  pass  inside  ifie  axis  of  motion 
of  a  trusting  click,  and  outside  Hie  axis  of  motion  of  a  pulling  click. 
For  example,  in  tig.  145,  C  D  passes  inside  the  axis  B,  and  c  d 
passes  outside  the  axis  b;  the  words  "inside"  and  "outside" 
being  used  to  denote  respectively  nearer  to  and  further  from  the 
ratchet. 

It  is  convenient,  though  not  essential,  that  a  click  for  driving  a 
wheel  should  be  carried  by  an  arm  concentric  with  the  wheel ;  such 
as  the  arms  A  B  in  tig.  145,  and  A  B  in  tig.  146.  In  such  cases 
the  total  angular  stroke  of  the  click-arm  (marked  BAB'  in  fig. 
145,  and  B  A  B'  in  fig.  146)  must  be  a  little  greater  than  the 
effective  angular  stroke,  which  is  once,  or  a  whole  number  of  times, 
the  pitch-angle  of  the  teeth  of  the  wheel.  The  axis  of  motion  of 
the  click-arm  may,  however,  be  placed  elsewhere  if  necessary,  pro- 
vided care  is  taken  that  in  all  positions  of  the  arm  the  line  of 
pressure  passes  to  the  proper  side  of  the  axis  of  motion  of  the  click. 
(See  figs.  148,  149,  further  on.) 

Fig.  146  represents  a  tumbling  or  reversible  click,  shaped  so  as  to 
act  upon  the  teeth  of  an  ordinary  toothed  wheel.  In  its  present 
]>ositiun  it  drives  the  wheel  in  the  direction  pointed  out  by  the 
arrow :  by  throwing  it  over  into  the  position  marked  with  dotted 
lines,  it  is  made,  when  required,  to  drive  the  wheel  the  contrary 
way. 

It  is  easy  to  see  that  the  acting  surfaces  of  clicks,  and  the  teeth 
of  ratchets  on  which  they  act,  may  be  shaped  in  a  variety  of  ways 
besides  those  exemplified  in  the  figures. 

195.  Mileat  Click.— This  is  a  contrivance  for  avoiding  the  noise 
and  the  tear  and  wear  which  arise  from  the  sudden  dropping  of 
the  commou  click  into  the  space  between  the  teeth  of  the  ratchet- 


HII.RST  CLICK — IXHTBLE-ACTIHG  CLICK. 
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wheat  The  wheel  is  like  an  ordinary  toothed  wheel  B  C  is  the 
dick,  which,  in  the  example,  ia  made  to  push  the  teeth.  It  is 
aimed  by  one  branch,  A  B,  of  a  bell-crank  lever,  which  has  a 
rocking  motion  about  the  same  axis  with  the  wheel.     The  other 
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branch  of  the  bell-crank  lever  has  two  studs  or  pins  in  it,  E  and  E". 
Between  these  phis  is  the  driving  arm,  A  F,  which  has  a  recipro- 
cating motion  about  the  same  axis,  and  is  connected  by  a  link, 
G  H,  with  tbe  click. 

B  A  B'  is  the  total  angular  stroke  of  the  bell-crank  lever; 
D  B  D'  ia  the  angle  through  which  the  click  must  be  moved  in 
order  to  lift  it  clear  of  the  teeth.  The  sum  of  these  angles, 
BAff +  DBD,is  =  FAF,  the  angular  stroke  of  the  driving 
arm.  The  positions  of  the  studs,  £  and  E',  are  so  adjusted,  that 
the  driving  aim  in  passing  from  the  one  to  the  other  moves  through 
the  angle  F  A  F  =  D  B  D';  being  the  angular  motion  that  lifts 
the  click  clear  of  the  teeth  before  the  return  stroke,  or  makes  it 
take  hold  before  the  forward  stroke.  During  those  parts  of  tbe 
motion  of  the  driving  arm  and  click,  the  bell-crank  lever  stands 
still:  its  forward  and  return  strokes  are  made  by  the  driving  arm 
pressing  against  the  studs  E  and  E'  respectively. 

196.  Doabie-Ariini  click. — This  is  the  contrivance  sometimes 
called,  from  its  inventor,  "the  lever  of  La  Garousse."  It  consists 
of  two  clicks  making  alternate  strokes,  so  as  to  produce  a  nearly 
continuous  motion  of  the  ratchet  which  they  drive;  that  motion 
being  intermitted  for  an  instant  only  at  each  reversal  of  the 
direction  of  movement  of  the  clicks.  In  fig.  148  the  clicks  act  by 
pushing;  in  fig.  149,  by  pulling.  The  former  arrangement  is  on 
the  whole  the  best  adapted  to  cases  in  which  the  mecWmam. 
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requires  considerable  strength ;  such  as  windlasses  on  board  ship. 
Each  single  stroke  of  the  click-arms  advances  the  ratchet  through 
one-half  of  its  pitch. 

Corresponding  points  in  the  two  figures  are  marked  with  the 
game  letters;  and  as  fig.  148  contains  some  parts  which  do  not 


Fig.  148. 

occur  in  fig.  149,  the  former  will,  in  the  first  place,  be  referred  to 
in  explaining  the  principles  to  be  followed  in  designing  such 
combinations. 

Let  the  figure  and  dimensions  of  the  ratchet-wheel  be  given, 
and  let  A  be  its  axis,  and  B  B  its  pitch-circle ;  that  is,  a  circle 
midway  between  the  points  and  roots  of  the  teeth. 

Having  fixed  the  mean  obliquity  of  the  action  of  the  clicks 

that  is,  the  angle  which  their  lines  of  action,  at  mid-stroke,  are  to 
make  with  tangents  to  the  pitch-circle — draw  any  convenient  radius 
of  the  pitch-circle,  as  L  A,  and  from  it  lay  off  the  angle  LAD, 
equal  to  that  obliquity.  On  A  D  let  fall  the  perpendicular  L  D, 
and  with  the  radius  A  D  describe  the  circle  C  C ;  this  will  be  the 
base-circle,  to  which  the  lines  of  action  of  the  clicks  are  to  be 
tangents.  (As  to  base-circles,  see  also  Article  131,  page  121.)  Lav 
off  the  angle  DAE  equal  to  an  odd  number  of  times  half  the  pitch- 
angle;  then  through  the  points  D  and  E  in  the  base-circle  draw  two 
tangente,  cutting  each  other  in  F.     Draw  F  G,  bisecting  the  angle 
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at  F,  and  take  any  convenient  point  in  it,  G,  for  the  trace  of  the 
aril  of  motion  of  the  rocking-shafb  which  carries  the  click-arms. 
From  G  let  foil  G  H 
tad  G  K  perpendicu- 
lar to  the  tangents 
PD  H  and  E  F  K; 
then  H  and  K  will  be 
the  positions  of  the 
centres  of  motion  of 
the  two  clicks  at  mid- 
stroke;  and  G  H  and 
F  K  will  represent  the 
tlick-arms.  Let  L  and 
M  be  the  points  where 
D  H  and  E  K  respec- 
tively cut  the  pitch- 
circle;  then  H  L  and 
K  M  will  be  the 
lengths  of  the  two  clicks.  The  effective  stroke  of  each  click  will  be 
equal  to  half  the  pitch,  as  measured  on  t/ie  base-circle  C  C ;  and  the 
total  stroke  must  be  as  much  greater  as  is  necessary  in  order  to 
make  the  clicks  clear  the  teeth. 

In  fig.  149,  where  the  clicks  pull  instead  of  pushing,  the  obliquity 
is  nothing;  and  the  consequence  is  that  the  base-circle,  C  C,  coin- 
cides with  the  pitch-circle,  B  B,  and  that  the  points  L  and  M  coin- 
cide respectively  with  D  and  E. 

197.  Frictioaal  Catch.— The  frictional  catch  (called  sometimes 
the  "silent  feed-motion  ")  is  a  sort  of  intermittent  linkwork,  founded 
on  the  dynamical  principle,  that  two  surfaces  will  not  slide  on  each 
other  so  long  as  the  angle  which  the  direction  of  the  pressure 
exerted  between  them  makes  with  their  common  normal  at  the 
place  where  they  touch  each  other  is  less  than  a  certain  angle  called 
the  angle  of  repose^  which  depends  on  the  nature  of  the  surfaces, 
and  their  state  of  roughness  or  smoothness,  and  of  lubrication. 
The  smoother  and  the  better  lubricated  the  surfaces,  the  smaller  is 
the  angle  of  repose. 

In  trigonometrical  language,  the  angle  of  repose  is  the  angle 
whose  tangent  is  equal  to  the  co-efficient  of  friction :  that  is,  to  the 
ratio  which  the  friction  between  two  surfaces,  being  the  force  which 
resists  sliding,  bears  to  the  normal  pressure;  or,  what  is  the  same 
thing,  it  is  the  angle  whose  sine  is  equal  to  the  ratio  tltat  tlie  friction 
bears  to  the  resultant  pressure  when  sliding  takes  place.  The 
subject  of  friction,  and  of  the  angle  of  repose,  properly  belong  to 
the  dynamical  part  of  this  treatise,  and  will  be  mentioned  in  greater 
detail  further  on.  For  the  present  purpose  it  is  sufficient  to  state 
that  the  sine  of  the  angle  of  repose  for  metallic  tsurfecea  Hn  fe 


212  GEOMETRY   OF  MACHINERY. 

moderately  smooth  state,  and  not  lubricated,  as  deduced  from  the 
experiments  of  Morin,  ranges  from  015  to  02,  or  thereabouts;  so 
that  an  angle  whose 
aine  is  one-seventh  of 
radius  may  bo  con- 
sidered to  be  less  than 
the  angle  of  repose  of 
any  pair  of  metallic 
surfaces  which  are  in 
the  above-mentioned 
condition. 

The  frictiona!  catch, 
though  always  depend- 
ing on  the  principle 
just  stated,  is  capable 
k  of  great  variety  in 
detail.  The  arrange- 
ment represented  in 
fig.  150  is  constructed 
in  the  following  man- 

The  shaft  and  rim 
of  the  wheel  to  be 
acted  upon  are  shown 
in  section.  A  K  is 
the  catch-arm,  having 
a  rocking  motion 
about  the  axis  A  of 
the  wheel;  the  link 
by  which  it  is  driven 
is  supposed  to  be 
jointed  to  it  at  K; 
and  K'  K."  represents 
Fig.  ISO.  the  stroke,   or  arc  of 

motion,  of  the  point 
K ;  so  that  K'  A  K"  is  the  angular  stroke  of  the  catch-arm.  L  is 
a  socket,  capable  of  sliding  longitudinally  on  the  catch-arm  to  a 
small  extent;  a  shoulder  for  limiting  the  extent  of  that  sliding 
motion  is  marked  by  dotted  lines.  The  socket  and  the  part  of 
the  arm  on  which  it  slides  should  be  square,  and  not  round,  to 
prevent  the  socket  from  turning.  From  the  side  of  the  socket 
there  projects  a  pin  at  D,  from  which  the  catch  DGH  hangs. 
M  is  a  spring,  pressing  against  the  forward  side  of  the  catch. 
G  and  H  are  two  studs  on  the  catch,  which  grip  and  cany  forward 
the  rim,  B  B  C  C,  of  the  wheel  during  the  forward  stroke,  by  means 
of  friction,  but  let  it  go  during  the.  retuvvi  ttoota. 
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A  similar  frictional  catch,  not  shown  in  the  figure,  hanging 
from  a  socket  on  a  fixed  instead  of  a  moveable  arm,  at  any 
convenient  part  of  the  rim  of  the  wheel,  serves  for  a  detent, 
to  hold  the  wheel  still  during  the  return  stroke  of  the  moveable 
catch-arm. 

The  following  is  the  graphic  construction  for  determining  the 
proper  position  of  the  studs  G  and  H : — Multiply  the  radii  of  the 
outer  and  inner  surfaces,  B  B  and  C  C,  of  the  rim  of  the  wheel  by 
a  co-efficient  a  little  less  than  the  sine  of  the  angle  of  repose — say 
J — and  with  the  lengths  so  found  as  radii  describe  two  circular 
area  about  A;  the  greater  (marked  E)  lying  in  the  direction  of  for- 
ward motion,  and  the  less  (marked  F)  in  the  contrary  direction. 
From  D,  the  centre  of  the  pin,  draw  D  E  and  D  F,  touching  those 
two  arcs.     Then  G,  where  D  E  cuts  B  B,  and  H,  where  D  F  cuts 
C  C,  will  be  the  proper  positions  for  the  points  of  contact  of  the 
two  studs  with  the  rim  of  the  wheel.     For  the  force  by  which  the 
catch  is  driven  during  the  forward  stroke  acts  through  D ;  that 
force  is  resolved  into  two  components,  acting  along  the  lines  DGE 
and  F  H  D  respectively;  and  those  lines  make  with  the  normals  to 
the  rim  of  the  wheel,  at  G  and  H  respectively,  angles  less  than  the 
angle  of  repose  of  a  pair  of  metallic  surfaces  that  are  not  lubricated. 
Should  it  be  thought  desirable,  the  positions  of  the  holding  studs, 
or  of  one  of  them,  may  be  made  adjustable  by  means  of  screws  or 
otherwise. 

The  stiffness  of  the  spring  M  ought  to  be  sufficient  to  bring  the 
catch  quickly  into  the  holding  position  at  the  end  of  each  return 
stroke. 

The  length  of  stroke  of  a  frictional  catch  is  arbitrary,  and 
may,  by  suitable  contrivances,  be  altered  during  the  motion.  Con- 
trivances for  that  purpose  will  be  described  further  on. 

A  pair  of  frictional  catches  may  be  made  double-acting,  like  the 
double-acting  clicks  of  the  preceding  Article. 

198.  Stated  Link.— A  slotted  link  is  connected  with  a  pin  at  one 
of  its  ends,  not  by  a  round  hole  fitting  the  pin  closely,  but  by  an 
oblong  opening  or  slot  with  semicircular  ends.  This  is  an  example 
of  intermittent  linkwork;  the  intermission  in  its  action  taking 
place  during  the  middle  part  of  each  stroke,  while  the  pin  is 
shifting  its  position  relatively  to  the  link  from  the  one  end  of  the 
slot  to  the  other.  That  intermission  takes  effect  by  producing  a 
pause  in  the  motion  of  that  piece  which  is  the  follower,  and  which 
may  be  either  the  jink  or  the  pin ;  and  the  stroke  of  the  follower 
i*  shorter  than  that  of  the  driver  by  an  extent  corresponding  to 
the  length  of  the  slot,  as  measured  from  centre  to  centre  of  its  two 
semicircular  ends. 

199.  Band  Link*.— Where  tension  alone,  and  not  thrust,  is 
to  act  along  a  link,  it  may  be  flexible,  and  may  consist  eitb&? 
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of  a  single  band,  or  of  an  endless  band  passing   round    a  pair 

of  pulleys  which  turn  round  axes  traversing  and  moving  with 

the  connected  points.     For  example,  in  fig.  151,  A  is  the  axis 

of  a  rotating  shaft,  B  that  of  a  crank-pin, 

,.•■"'  "'-•,.  C   the    other  connected    point,   and   B   C 

/  \        the  line  of  connection;  and  the  connection 

is  effected  by  means  of  an  endless   band, 

passing   round  a  pulley  which   is  centred 

.  upon   C,   and   round  the  crank-pin    itself, 

I  which  acts  aa  another  pulley.     The  pulleys 

'  are  of  course   secondary  pieces;   and   the 

motion  of  each    of  them   belongs  to   the 

subject   of  aggregate  combinations,    being 

compounded  of  the  motion  which  they  have 

along  with  the  line  of  connection,  B  C,  and 

of  their  respective  rotations  relatively  to 

;  that  line  aa  their  line  of  centres;  bat  the 

motion  of  the  points  B  and  C  is  the  same  aa 

if  B  C  were  a  rigid  link,  provided  that  forces 

act  which  keep  the  band  always  in  a  state 

of  tension. 

This  combination  is  used  in  order  to  lessen 
the  friction,  as  compared  with  that  which 
takes  place  between  a  rigid  link  and  a  pair  of 
pins;  and  the  band  employed  is  often  a  leather  chain,  of  the  kind 
already  mentioned  in  Article  176,  page  191,  because  of  its 
flexibility. 

Suction  VII!. — Con  auction  by  PlUe  of  Cord,  or  by 

Reduplication. 

200.  Onmi  Kxpiauitaiu.  (A.  M.,  494.) — The  combination  of 
pieces  connected  by  the  several  plies  of  a  cord,  rope,  or  chain,  con- 
sists of  a  pair  of  cases  or  frames  called  block$,  each  containing  one 
or  more  pulleys  called  sheaves.  Oneof  the  blocks  (A,  figs.  152,  153), 
called  the  fixed  block,  or  fall-block,  is  fixed;  the  other,  called  the 
fly-block,  or  running  block,  B,  is  moveable  to  or  from  the  fall- 
block,  with  which  it  is  connected  by  means  of  a  rope,  or  fall,  of 
which  one  end  is  fastened  either  to  a  fixed  point  or  to  the  running 
block,  while  the  other  end,  C,  called  the  hauling  pari,  is  free;  and 
the  intermediate  portion  of  the  rope  passes  alternately  round  the 
pulleys  in  the  fixed  block  and  running  block.  The  several  plies  of 
the  rope  are  called  by  seamen  parte;  and  the  part  which  has  its 
end  fastened  is  called  the  standing  part  The  whole  combination 
is  called  a  tackle  or  purchase.  When  the  hauling  part  is  the  driver, 
and  the  running  block  the  follower,  the  two  blocks  are  being  drawn 
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together  j  when  the  running  block  ia  the  driver,  and  the  hauling 
put  the  follower,  the  two  blocks  are'  being  pulled  apart 

301.  vetecHT-BaUM.  (A.  St., 495,  496.)— The veUxUy-rcUio chiefly 
considered  in  a  purchase  is  that  between  the  velocities  of  the 
running  block,  B,  and  of  the  hauling  part,  0.  That  ratio  is 
1  by  the  mtmber  of  plies  of  rope  by  which  the  running 
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purcJiase,  a  threefold  purdiase,  and  so  on,  according  to  the  value  of 
the  velocity-ratio  C  +  B:  For  example,  fig.  152  is  a  sevenfold 
purchase,  and  fig.  153  a  sixfold  purchase. 

The  velocity  of  any  ply  or  part  of  the  rope  is  found  in  the  follow- 
ing manner : — For  a  ply  on  the  side  of  the  fall-block,  A,  next  the 
hauling- part,  C,  it  is  to  be  considered  what  would  be  the  velocity  of 
that  ply  if  it  were  itself  the  hauling  part :  that  is  to  say,  the  ratio 
of  its  velocity  to  that  of  the  running  block  is  expressed  by  the 
number  of  plies  between  the  ply  in  question  and  the  point  of  attach- 
ment of  the  standing  part.  For  a  ply  on  the  side  of  the  fall-block 
furthest  from  the  hauling  part,  the  velocity  is  equal  and  contrary  to 
that  of  the  next  succeeding  ply,  with  which  it  is  directly  connected 
over  one  of  the  sheaves  of  the  fall-block.  If  the  standing  part  is 
attached  to  a  fixed  point,  as  in  fig.  153,  its  velocity  is  nothing;  if  to 
the  running  block,  as  in  fig.  152,  its  velocity  is  equal  to  that  of 
the  block.  The  comparative  velocities  of  the  several  parts  of  the 
ropes  are  expressed  by  the  upper  row  of  figures.  The  lower  row 
of  figures  express  the  velocities  of  the  several  parts  relatively  to 
the  running  block. 

202.  Ordfatary  Form  •€  Pulley-Block*.— A  block,  as  used  on  board 

ship,  consists  of  an  oval  slisll,  usually  of  elm  or  metal,  containing 
one  or  more  pulleys,  called  slieaves,  of  lignum-vitoe  or  metal,  turn- 
ing about  a  cylindrical  wrought-iron  pin.  The  round 
hole  in  the  centre  of  a  wooden  sheave  is  lined  with 
a  gun-metal  tube  called  the  bushing.  The  part  of  the 
sheave-hole  through  whicli  the  rope  or  chain  reeves 
is  called  the  swallow.  In  the  bottom  and  sides  of  a 
block  is  a  groove  called  the  score,  into  which  fits  the 
L  strop  or  strapping  of  rope  or  iron  by  whicli  the  block  is 
hung  or  secured  to  its  place.  Ordinary  blocks  con- 
taining one  pin  are  called  single,  double,  treble,  <fec., 
according  to  tho  number  of  sheaves  that  turn  about 
that  pin  side  by  side.  Each  sheave  turns  in  a  separate 
hole  in  the  shell.  Fig.  154  shows  examples  of  the 
forms  of  iron  pulley-blocks  commonly  used  in  machineiy 
on  land.  A  is  a  treble  block ;  B,  a  double  block.  The 
block  B  has  an  eye  for  the  attachment  of  the  standing 
part  of  the  rope. 

203.  WhHc'«  Policy*.— When  the  sheaves  of  a  block, 

as  in  the  ordinary  form,  are  all  of  the  same  diameter,  they 

all  turn  with  different  angular  velocities,  because  of  the 

different  velocities  of  the  plies  of  rope  that  pass  over 

Fig.  154.     them.     But  by  making  the  effective  radius  of  each 

sheave  proportional  to  the  velocity,  relatively  to  the 

block,  of  the  ply  of  rope  which  it  is  to  carry,  the  angular  velocities 

of  the  sheaves  in  one  block  may  be  rendered  equal;  so  that  the 
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sheaves  may  be  made  all  in  one  piece,  having  two  journals  which 
turn  in  fixed  bearings. 

These  are  called  "White's  Pulleys,"  from  the  inventor;  and  they 
are  represented  in  figs.  152  and  153,  page  215 :  having  been  chosen 
to  illustrate  the  general  principles  of  the  action  of  blocks  and  tackle, 
because  of  the  clearness  with  which  they  show  the  positions  of  all 
the  parts  of   the  rope. 
They  are  not,  however, 
much  used  in   practice, 
because      the      unequal 
stretching    of    different 
parts  of  the   cord   pre- 
vents   the    combination 
from  working  with  that 
degree  of  accuracy  which 
is  necessary  in  order  that 
any  advantage    may  be 
obtained  by  means  of  it 
over  the   common   con- 
struction. 

204.  Comp*an4     Par- 

riwir«  —  A  compound 
purchase  consists  of  a 
train  of  simple  pur- 
chases; that  is  to  say, 
the  hauling  part  of  one 
tackle  is  secured  to  the 
running  block  of  another, 
and  so  on,  for  any  num- 
ber of  tackles.  In  prac- 
tice, however,  the  number 
of  tackles  in  a  compound 
purchase  is  almost  always 
two;  and  then  the  rope 
that  has  the  run  mug 
block  secured  to  it  is 
usually  called  the  pen- 
dant, and  the  rope  that 
is  directly  hauled  upon 
by  hand,  the  fall. 

The  velocity-ratio  is, 
as  in  other  trains  of 
elementary  combinations, 
the  product  of  the  velo- 
city-ratios belonging  to  the  elementary  or  simple  tackles  of  which 
the  compound  purchase  consists. 


Fig.  155. 
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For  example,  in  fig.  155,  A  B  0  is  a  twofold  purchase;  and 
at  D,  its  pendant  is  secured  to  the  fly-block  of  a  threefold  pur- 
chase, DEF,  whose  hauling  part  is  F  G.  The  velocity-ratio  of 
D  to  B  is  2,  and  that  of  G  to  D  is  3;  so  that  the  velocity-ratio 
of  G  to  B  is  2  x  3  =  6 ;  and  the  compound  purchase  is  sixfold. 

205.  Rape  and  Space  Required  for  a  Parckase. — An  elementary 

or  simple  purchase  requires  no  more  space  to  work  in  than  the 
greatest  distance  from  outside  to  outside  of  the  fixed  and  running 
blocks.  The  least  length  of  rope  sufficient  for  it  may  be  found 
as  follows: — To  the  greatest  distance  between  the  centres  of  the 
blocks  add  half  the  effective  circumference  of  a  sheave  (see  Article 
166,  page  180);  multiply  the  sum  by  the  number  of  plies  of  rope 
which  connect  the  blocks  with  each  other;  and  to  the  product  add 
the  least  length  of  the  hauling  part  required  under  the  circum- 
stances of  the  particular  case. 

A  compound  purchase  requires  a  length  of  space  to  work  in 
equal  to  the  whole  distance  traversed  by  the  fly-block  of  the  last 
purchase  in  the  train  (viz.,  that  whose  hauling  part  is  free),  with 
a  sufficient  additional  length  added  for  the  blocks  and  their 
fastenings. 

206.  Obliquely-acting  Tackle— The  parts  of  the  rope  of  a  tackle, 
instead  of  being  parallel  to  each  other  and  to  the  direction  of 
motion  of  the  running  block,  may  make  various  angles  with  that 
direction.     For  example,  in  fig.  156,  B  is  the  running  block,  and  B  b 


Fig.  156. 

its  line  of  motion;  and  in  the  case  represented,  that  block  hangs 
from  two  parts  of  a  rope — the  standing  part,  B  A,  and  another 
part,  B  C.  To  find  the  velocity-ratio  of  the  hauling  part,  D,  to  the 
running  block,  B :  from  the  centre,  B,  of  that  block,  draw  straight 
lines,  B  a,  B  c,  parallel  to  the  parts  of  the  rope  by  which  it  hangs; 
at  any  convenient  distance  from  B,  draw  the  straight  line  a  b  c 


diverge  from  B;  then, 

asB£  :  is  toBa  h    Be, 

:  :  so  is  the  velocity  of  B 
:  to  the  velocity  of  D; 
and  the  same  rule  may  be  extended  to  any  number  of  parts,  thus: 
velocity  of  D       sum  of  lengths  cut  off  on  lines  diverging  from  B 
velocity  of  B  —  B  6 

The  combination  belongs  to  Class  B;  because,  owing  to  the  con- 
tinual variation  of  the  obliquity  of  the  parts  of  the  rope,  the  velocity- 
ratio  is  continually  changing. 

206  a.  Tiiier-Hapcs.— The  tiller  of  a  ship  is  a  horizontal  lever 
projecting  from  the  rudder-head,  by  means  of  which  the  position  of 


220  GEOMETRY  OF  MACHINERY. 

the  rudder  is  adjusted.  It  usually  points  forward;  that  is,  in  the 
contrary  direction  to  the  rudder  itself.  In  ships  of  war  the  tiller  is 
usually  put  over,  or  moved  to  one  side  or  to  the  other,  by  means  of  a 
pair  of  obliquely-acting  twofold  tackles,  made  of  raw  hide  ropes, 
which  haul  it  respectively  to  starboard  (that  is,  towards  the  right) 
and  to  port  (that  is,  towards  the  left),  when  required.  The  hauling 
parts  of  both  tackles  are  guided  by  fixed  pulleys  so  as  to  be  wound 
in  opposite  directions  round  one  barrel,  which  is  turned  by  means 
of  the  steering-wheel.  * 

Fig.  156  A  is  a  plan  of  this  combination.  A  is  the  rudder-head; 
A  B,  the  tiller,  shown  as  amidships,  or  pointing  right  ahead; 
D  B  F  G  is  the  starboard  tiller-rope;  D'BP  G',  the  port  tiller- 
rope.  These  ropes  are  made  fast  to  eye-bolts  at  D  and  D';  at  B 
they  are  rove  through  blocks  that  are  secured  to  the  tiller;  at  F 
and  F'  they  are  led  round  fixed  pulleys;  and  G  and  G' are  their 
hauling  parts,  which  are  led,  by  means  of  pulleys  which  it  is  unne- 
cessary to  show  in  the  figure,  to  the  barrel  of  the  steering-wheel. 

A  b  is  the  position  of  the  tiller  when  put  over  about  40°  to  star- 
board ;  and  the  corresponding  positions  of  the  tiller-ropes  are 
D  b  F  G  and  D'  b  F  G'. 

In  order  that  the  tiller-ropes  may  never  become  too  slack,  it  is 
necessary  that  the  sum  of  the  lengths  of  their  several  parts  should 
be  nearly  constaut  in  all  positions  of  the  tiller;  that  is  to  say,  that 
we  should  have,  in  all  positions, 

D6  +  6F  +  D'6  +  6F  nearly  =  2  (D  B  +  B  F). 

That  object  is  attained,  with  a  rough  approximation  sufficient  for 

practical  purposes,  by  adjusting  the  positions  of  the  points  D,  D', 

and  F,  F,  according  to  the  following  rule : — 

Rule. — About  A,  with  the  radius  A  B,  describe  a  circle.    Make 
2 
A  C  =  -  A  B ;   and  through  C,  perpendicular  to  A  B,  draw  a 

straight  line  cutting  that  circle  in  D  and  D'.  These  will  be  the 
points  at  which  the  stauding  parts  of  the  ropes  are  to  be  made  fast. 

Then  produce  A  B  to  £,  making  B  E  =  —  A  B ;  and  through  E, 

X  am 

5 
perpendicular  to  A  B  E,  draw  F  E  F,  making  E  F  =  E  F=- 

C  D ;  F  and  F  will  be  the  stations  for  the  fixed  blocks. 

When  the  angle  B  A  b  is  about  40°,  the  sum  of  the  lengths  of 
the  parts  of  the  ropes  is  a  little  greater  than  when  the  tiller  is 
amidships;  but  the  difference  (which  is  about  one-50th  part  of  the 
length  expressed  in  the  preceding  equation)  is  not  so  great  as  to 

*  See  Peake's  Rudimentary  TreatUe  on  Shipbuilding,  second  volume,  pp. 
66,  162;  also  Watts,  Bankine,  Napier,  and  Barnes  On  Shipbuilding,  p.  202. 
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cause  any  inconvenient  increase  of  tightness.  For  angles  not 
exceeding  30°  the  approximation  to  uniformity  of  tightness  is 
extremely  close. 

Section  VIII. — Hydraulic  Connection. 

207.  cteacmi  Natare  of  the  Combiaatioaa— The  kind  of  com- 
binations to  which  the  present  section  relates  are  those  in  which 
two  cylinders  fitted  with  moveable  pistons  are  connected  with  each 
other  by  a  passage,  and  the  space  between  the  pistons  is  entirely 
filled  with  a  mass  of  fluid  of  invariable  volume. 

Any  liquid  mass  may  be  treated,  in  most  practical  questions 
respecting  the  transmission  of  motion,  as  if  its  volume  were  in- 
variable, because  of  the  smallness  of  the  change  of  volume  produced 
in  a  liquid  by  any  possible  change  of  pressure.  For  example,  in 
the  case  of  water,  the  compression  produced  by  an  increase  in  the 
intensity  of  the  pressure  to  the  extent  of  one  atmosphere  (or  14*7 
lbs.  on  the  square  inch),  is  only  one-20,000th  part  of  the  whole 
volume.     (See  Article  88,  page  75.) 

The  volume,  then,  of  the  mass  of  fluid  enclosed  in  the  space 
between  two  pistons  being  invariable,  it  follows  that  if  one  piston 
(the  driver)  moves  inwards,  sweeping  through  a  given  volume,  the 
other  piston  (the  follower)  must  move  outwards,  sweeping  through 
an  exactly  equal  volume;  otherwise  the  volume  of  the  space  con- 
tained between  the  pistons  would  change;  and  this  is  the  principle 
upon  which  the  comparative  motion  in  hydraulic  connection  depends. 

208.    Cylinders,  Piston*   and  Plangers. — A    piston    is   a   primary 

piece,  sliding  in  a  vessel  called  a  cylinder.  The  motion  of  the  piston 
is  most  commonly  straight;  and  then  the  bearing  surfaces  of  the 
piston  and  cylinder  are  actually  cylindrical,  in  the  mathematical 
sense  of  that  word. 

When  the  motion  of  a  piston  is  circular,  the  bearing  surfaces 
of  the  piston,  and  of  the  vessel  in  which  it  slides,  are  surfaces  of 
revolution  described  about  the  axis  of  rotation  of  the  piston;  but 
that  vessel,  in  common  language,  is  still  called  a  cylinder,  although 
its  figure  may  not  be  cylindrical. 

A  plunger  is  distinguished  from  an  ordinary  piston  in  the  follow- 
ing way : — The  bearing  surface  of  a  cylinder  for  a  plunger  consists 
merely  of  a  collar,  of  a  depth  sufficient  to  prevent  the  fluid  from 
escaping;  and  the  plunger  slides  through  that  collar,  and  has  a 
bearing  surface  of  a  length  equal  to  the  depth  of  the  collar  added 
to  the  length  of  stroke ;  so  that  during  the  motion  different  parts 
of  the  surface  of  the  plunger  come  successively  into  contact  with  the 
same  surface  of  the  collar.  On  the  other  hand,  an  ordinary  piston 
has  a  bearing  surface  of  a  depth  merely  sufficient  to  prevent  the 
fluid  from  escaping;  and  the  cylinder  has  a  "bearing  &\xvfa£fe  <&  *» 
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length  equal  to  the  depth  of  that  of  the  piston  added  to  the  length 
of  stroke ;  so  that  daring  the  motion  the  same  surface  of  the  piston 
comes  into  contact  successively  with  different  parte  of  the  surface 
of  the  cylinder.  For  example,  in  fig.  157,  A  ia  a  plunger,  working 
through  the  collar  B  in  the  cylinder  0;  and  in  fig.  158,  A  is  an 


ra. 


rr.1 


Fig.  157. 


Fig.  158. 


ordinary  piston,  working  in  the  cylinder  B.  The  action  of  plungers 
and  of  ordinary  pistons  in  transmitting  motion  is  exactly'  the  same ; 
and  in  stating  the  general  principles  of  that  action,  the  word 
piston  is  used  to  include  plungers  as  well  as  ordinary  pistons. 

The  volume  swept  by  a  piston  in  a  given  tine  is  the  product  of 
two  factors- — transverse  area  and  length.  The  transverse  area  is 
that  of  a  plane  bounded  by  the  bearing  surface  of  the  piston 
and  cylinder,  and  normal  to  the  direction  of  motion  of  the  piston, 
so  that  it  cuts  that  surface  everywhere  at  right  angles.  In  a 
straight-sliding  piston  that  piano  is  normal  to  the  axis  of  the 
cylinder;  in  a  piston  moving  circularly,  it  traverses  the  axis  of 
rotation  of  the  piston :  in  other  words,  the  area  is  that  of  a 
projection  of  the  piston  on  a  plane  normal  to  its  direction  of 
motion. 

When  the  motion  of  the  piston  is  straight,  the  length  of  the 

volume  swept  through  is  simply  the  distance  moved  by  each  point 

~ "  the  piston.      When    the   motion  ia  ransolw,  that  length  is 
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the  distance  moved  through  by  the  centre  of  the  area  of  the 
piston.* 

So  long  as  the  transverse  area  and  length  of  the  space  swept  by 
a  piston  are  the  same,  it  is  obvious  that  the  form  of  the  ends  of 
that  piston  does  not  affect  the  volume  of  that  space. 

When  the  space  in  the  cylinder  which  contains  the  fluid  acted 
on  by  a  piston  is  traversed  by  a  piston-rod,  the  effective  transverse 
area  is  equal  to  the  tranverse  area  of  the  piston,  with  that  of  the 
rod  subtracted.  For  example,  in  fig.  158,  the  upper  division  of 
the  cylinder  is  traversed  by  the  piston-rod  0,  working  through  the 
stuffing-box  D ;  hence  the  effective  transverse  area  in  that  division 
of  the  cylinder  is  the  difference  between  the  transverse  areas  of  the 
piston  A  and  rod  C.  In  the  lower  division  of  the  cylinder,  where 
there  is  no  rod,  the  whole  transverse  area  of  the  piston  is  effective. 
A  trunk  acts  in  this  respect  like  a  piston-rod  of  large  diameter. 

209.  Comparative  Velocities  of  PUton*. — From  the  equality  of  the 
volumes  swept  through  by  a  pair  of  pistons  that  are  connected  with 
each  other  by  means  of  an  intervening  fluid  mass  of  invariable 
volume,  it  obviously  follows  that  the  velocities  of  the  pistons  are 
inversely  as  tlieir  transverse  areas. 

The  transverse  areas  are  to  be  measured,  as  stated  in  the  pre- 
ceding Article,  on  planes  normal  to  the  directions  of  motion  of  the 
pistons ;  and  when  the  motion  of  a  piston  is  circular,  the  velocity 
referred  to  in  the  rule  is  that  of  the  centre  of  its  transverse  area. 

Let  A  and  A'  denote  the  transverse  areas  of  the  two  pistons 

marked  with  those  letters  in  fig.  159,  page  224,  and  v  and  v'  their 

v'      A 
velocities:  then  their  velocity-ratio  is  -  =  -r> 

v       A 

As  the  velocity-ratio  of  a  given  pair  of  connected  pistons  is  con- 
stant, the  combination  belongs  to  Willis's  Class  A. 

210.    ComparatiTe  Velocities  of  Fluid  Panicle*. — It  may  Sometimes 

be  required  to  find  the  comparative  mean  velocities  with  which 

♦  To  find  the  distance  of  the  centre  of  a  plane  area  from  an  axis  in  the 
plane  of  that  area :  divide  the  area,  by  lines  parallel  to  that  axis,  into  a 
number  of  narrow  hands ;  let  d  x  be  the  breadth  of  one  of  those  bands,  and 

y  its  length ;   then  y  d  x  is  the  area  of  that  band ;   and    I    y  d  x  is  the 

whole  area.     Let  x  be  the  distance  from  the  axis  to  the  centre  of  the  band 

y  d  x;  then  x  y  d  x  is  the  geometrical  moment  of  that  band,  and  I  x  y  d  x 

is  the  geometrical  moment  of  the  whole  area  relatively  to  the  axis ;  which 
moment,  being  divided  by  the  area,  gives  the  required  distance  of  the  centre 
of  the  area  from  the  axis,  viz., 


r 

I     X  1£  d  X 

xq  =■£ .  (See  Article  293,  pa&*  m.\ 

/  ydx 
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the  fluid  particles  flow  through  a  given  section  of  the  passage  which 
connects  a  pair  of  pistons;  it  being  understood  that  the  mean 
velocity  of  flow  through  a  given  section  of  the  passage  denotes  the 
mean  value  of  the  component  velocities,  in  a  direction  normal  to 
that  section,  of  all  the  particles  that  pass  through  it.  From  the 
fact  that  in  a  given  time  equal  volumes  of  fluid  flow  through  all 
sectional  surfaces  that  extend  completely  across  the  passage,  it 
follows  that  tlie  mean  velocity  of  flow  Utrough  any  suc/t  section  it 
inversely  as  its  area  (a  principle  already  stated  in  Article  88,  page 
76};  and  this  principle  applies  to  all  possible  sections,  transverse 
and  oblique,  plane  and  curved. 

For  example,  in  fig.  159,  let  B  denote  the  area  of  a  transverse 
section,  B  B,  of  the  passage  which  connects  the  two  cylinders,  and 


A 

»   \ 

1            \ 

* 

u  the  mean  velocity  with  which  the  particles  of  fluid  flow  through 
that  section;  then  v,  as  before,  being  the  velocity  of  the  piston 
whose  transverse  area  is  A,  we  have 


Also,  let  C  denote  the  area  of  an  oblique  section,  C  C,  of  the  passage, 
and  ip  the  mean  component  velocity  of  the  fluid  particles  in  a 
direction  normal  to  that  section ;  then 


211.  V*e  «r  v>w«— l«c**niu*Ht   Brdmiic   C«i«u«.  -Valves 
■re  used  to  regulate  the  communication  of  motion  through  a  fluid 
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by  opening  and  shutting  passages  through  which  the  fluid  flows. 
For  example,  a  cylinder  may  be  provided  with  valves  which  shall 
cause  the  fluid  to  flow  in  through  one  jiassage,  and  out  through 
another.     Of  this  use  of  valves  two  cases  may  be  distinguished. 

I.  Wlien  Hie  piston  drives  the  fluid,  the  valves  may  be  what  is 
called  self-acting;  that  is,  moved  by  the  fluid.  If  there  be  two 
passages  into  the  cylinder,  one  provided  with  a  valve  opening 
inwards,  and  the  other  with  a  valve  opening  outwards,  then, 
during  the  outward  stroke  of  the  piston,  the  former  valve  is  opened 
and  the  latter  shut  by  the  inward  pressure  of  the  fluid,  which  flows 
in  through  the  former  passage;  and  during  the  inward  stroke  of 
the  piston  the  former  valve  is  shut  and  the  latter  opened  by  the 
outward  pressure  of  the  fluid,  which  flows  out  through  the  latter 
passage.  This  combination  of  cylinder,  piston,  and  valves  con- 
stitutes a  pump. 

II.  Wlien  tJie  fluid  drives  the  piston,  the  valves  must  be  opened 
and  shut  by  mechanism,  or  by  hand.  In  this  case  the  cylinder  is 
a  working  cylinder. 

It  is  by  the  aid  of  valves  that  intermittent  hydraulic  connection 
between  two  pistons  is  effected;  and  the  action  produced  is 
analogous  to  that  of  the  click,  ratchet,  and  detent,  in  intermittent 
link-work. 

For  example,  in  the  Hydraulic  Press,  the  rapid  motion  of  a  small 
plunger  in  a  pump  causes  the  slow  motion  of  a  large  plunger  in 
a  working  cylinder;  and  the  connection  of  the  pistons  is  made 
intermittent  by  means  of  the  discharge  valve  of  the  pump ;  being 
a  valve  which  opens  outwards  from  the  pump  and  inwards  as 
regards  the  workiug  cyliuder.  The  pump  draws  water  from  a 
reservoir,  and  forces  it  into  the  working  cylinder:  during  the 
inward  stroke  of  the  pump  plunger,  the  plunger  of  the  working 
cylinder  moves  outward  with  a  velocity  as  much  less  than  that  of 
the  pump  plunger  as  its  area  is  greater.  At  the  end  of  the  inward 
stroke  of  the  pump  plunger,  the  valve  between  the  pump  and  the 
working  cylinder  closes,  and  prevents  any  water  from  returning 
from  the  working  cylinder  into  the  pump;  and  it  thus  answers  the 
purpose  of  the  detent  in  ratchet-work  (see  page  206).  During  the 
outward  stroke  of  the  pump  plunger  that  valve  remains  shut,  and 
the  plunger  of  the  working  cylinder  stands  still,  while  the  pump  is 
again  filling  itself  with  water  through  a  valve  0]>ening  inwards. 
When  the  piston  of  the  working  cylinder  has  finished  its  outward 
stroke,  which  may  be  of  any  length,  and  may  occupy  the  time  of 
any  number  of  strokes  of  the  pump,  it  is  permitted  to  be  moved 
inwards  again  by  opening  a  valve  by  hand  and  allowing  the  water 
to  escape. 

A  hydraulic  press  is  often  furnished  with  two,  three,  or  more 
pumps,  making  their  inward  strokes  in  succession,  and  so  \fto&\&\n^ 
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a  continuous  motion  of  the  working  plunger.  This  is  analogous  to 
the  double-acting  click  (page  209). 

211  A.  Flexible  Cylinder*  and  Ptetona. — By  an  extension  of  the 

use  of  the  word  "cylinder,"  it  may  be  made  to  include  vessels  made 
wholly  or  partly  of  a  flexible  material,  which  answer  the  purpose 
of  a  cylinder  with  its  piston,  by  altering  their  shape  and  internal 
capacity;  such  as  bellows.  Questions  as  to  this  class  of  vessels 
may  be  approximately  solved  according  to  purely  geometrical 
principles,  by  assuming  the  flexible  material  of  which  they  are 
made  to  be  inextensible. 

In  bellows,  and  pumps  constructed  on  the  principle  of  bellows, 
the  vessel  must  have  at  least  a  pair  of  rigid  ends,  which,  being 
moved  alternately  from  and  towards  each  other,  answer  the  purpose 
of  a  piston.  If  those  ends  are  equal  and  similar,  and  connected 
together  by  sides  that  may  be  assumed  to  be  inextensible  and 
perfectly  flexible,  the  volume  of  fluid  alternately  drawn  in  and 
forced  out  may  be  taken  as  nearly  equal  to  the  area  of  one  end 
multiplied  by  the  distance  through  which  the  centre  of  area  of  one 
end  moves  alternately  towards  and  from  the  other  end 

Another  example  is  furnished  by  a  kind  of  pump,  in  which  a 
circular  orifice  in  one  of  the  sides  of  a  box  is  closed  by  a  rigid  flat 
disc  of  smaller  diameter,  and  a  bag  in  the  form  of  a  conical  frustum 
of  leather,  or  some  other  suitable  material — the  inner  edge  of  the 
leather  being  made  fast  to  the  disc,  and  the  outer  edge  to  the  cir- 
cumference of  the  orifice.  In  working,  the  disc  is  moved  alternately 
inwards  and  outwards,  so  as  to  draw  the  conical  bag  tight  in 
opposite  directions  alternately.  To  find  the  virtual  area  of  piston, 
add  together  the  area  of  the  disc,  the  area  of  the  orifice,  and  four 
times  the  area  of  a  circle  whose  diameter  is  the  half-sum  of  the 
diameters  of  the  disc  and  orifice,  and  divide  the  sum  by  six. 
That  virtual  area,  multiplied  by  the  length  of  stroke,  gives  nearly 
the  volume  of  fluid  moved  per  stroke. 

In  Bourdoris  pumps  and  engines  an  elastic  metal  tube,  of  a 
flattened  form  of  transverse  section,  is  bent  so  as  to  present  the 
figure  of  a  circular  arc.  The  internal  capacity  of  the  tube  is 
varied  by  alternately  admitting  and  expelling  fluid ;  the  effect  of 
which  is  to  flatten  the  curvature  of  the  tube  when  its  capacity  is 
increased,  and  to  sharpen  that  curvature  when  that  capacity  is 
diminished ;  so  that  if  one  end  of  the  tube  is  fixed  in  position  and 
direction,  the  other  end  has  an  oscillating  motion. 

In  fig.  81,  page  114,  the  arcs  A  D,  A  D',  A  D"  may  be  taken 
to  represent  successive  positions  of  the  tube;  A  being  its  fixed  end, 
and  I>  its  moveable  end.  The  path  of  the  moveable  end,  D  D'  D", 
is  nearly  an  arc  of  a  circle  of  the  radius  C  G  =  £  of  the  length  of 
the  tube.  The  capacities  of  the  tube  in  its  several  different  posi- 
tions, A  D,  A  Jy,  A  D",  &a,  vary  nearly  in  the  inverse  ratio  of  the 
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arcs  G  D,  G  D',  G  D",  &c. ;  so  that  if  the  capacity  of  the  tube,  when 
in  a  given  position,  is  known,  we  can  calculate  its  capacity  in  any 
other  position,  and  the  volume  of  fluid  admitted  or  expelled  in 
passing  from  any  given  position  to  any  other.*  (See  page  577.) 

Section  IX. — Miscellaneous  Principles  respecting  Trains. 

212.  Converging  Tmin«.— The  essential  principles  of  a  train  of 
mechanism  have  been  stated  in  Article  93,  page  80.  Two  or 
more  trains  may  converge  into  one ;  that  is  to  say,  two  or  more 
primary  pieces,  which  are  followers  in  different  trains,  may  all  act 
as  drivers  to  one  primary  piece.  In  such  cases  the  comparative 
motion  in  each  of  the  elementary  combinations  formed  by  the  one 
follower  with  its  several  drivers  is  fixed  by  the  nature  of  the 
connection ;  and  thus  the  comparative  motions  of  all  the  pieces  are 
determined.  As  an  example  of  converging  trains,  we  may  take  a 
compound  steam  engine,  in  which  two  or  more  pistons  drive  one 
shaft,  each  by  its  own  connecting-rod  and  crank. 

213.  Diverging  Trains. — One  train  of  mechanism  may  diverge 
into  two  or  more;  that  is  to  say,  one  primary  piece  may  act  as 
driver  to  two  or  more  primary  pieces,  each  of  which  may  be  the 
commencement  of  a  distinct  train.  In  this  case,  as  well  as  in  that 
of  converging  trains,  the  comparative  motions  of  all  the  pieces  are 
determined. 

Examples  of  diverging  trains  might  be  multiplied  to  any  extent. 
One  of  the  most  common  cases  is  that  in  which  a  number  of  differ- 
ent machines  in  a  factory  are  driven  by  one  prime  mover:  all 
those  machines  are  so  many  diverging  trains.  In  many  instances 
there  are  diverging  trains  in  one  machine ;  thus  in  almost  every 

*  Let  A  jy  be  the  position  for  which  the  capacity  of  the  tube  is  known, 
and  let  V  be  that  capacity.  Let  A  D  and  A  D"  be  the  positions  of  the  tube 
at  the  two  ends  of  its  stroke ;  let  V  and  V"  be  the  corresponding  capacities ; 
and  let  the  lengths  of  the  arcs  G  D,  G  D',  G  D"  be  denoted  by  *,  «',  s" 
respectively.    Then  we  have 

V  s  a  Vs*  =  V  a";  and  -  :  I  :  \  :  :  V  :  V  :  V (1.) 

'  8      8*      8*  X     ' 

The  volume  of  fluid  admitted  or  expelled  at  each  stroke  is  as  follows : — 

y-V  =  V.<(4U])=^£=^- (2.) 

The  length  of  stroke  of  the  point  D  is  *  —  *" ;  hence  the  apparatus  may 
be  regarded  as  equivalent  to  a  cylinder  and  piston  of  that  length  of  stroke, 
and  of  the  following  transverse  area: — 

V V      W 

#— s"  ~  77 ' ^ 
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machine  tool  there  are  at  least  two  diverging  trains — one  to  pro- 
duce the  cutting  motion,  and  the  other  the  feed  motion. 

214.  Train  for  diminishing  Fluctuations  of  Speed.— The  fluctua- 
tions in  the  velocity-ratio,  when  a  revolving  and  a  reciprocating 
point  are  connected  by  means  of  a  link,  have  been  stated  in  Article 
184,  pages  196,  197,  and  in  Article  188,  pages  199  to  201.  In 
some  cases  it  is  desirable  that  the  velocity-ratio  of  a  reciprocating 
point  to  a  revolving  point  should  be  more  nearly  uniform.  For 
this  purpose  a  train  of  two  combinations  may  be  used, — the  first 
primary  piece  being  a  rotating  shaft,  which  may  be  called  A ;  the 
second,  another  rotating  shaft,  which  may  be  called  B;  and  the 
third,  the  reciprocating  piece,  C.  The  connection  of  A  with  B  is 
by  means  of  a  pair  of  equal  and  similar  two-lobed  wheels  (see 
Article  109,  page  97);  and  a  crank  on  B,  by  means  of  a  connecting- 
rod,  drives  C.  The  two-lobed  wheels  are  to  be  so  placed  that  the 
shortest  radius  of  the  wheel  on  B  shall  be  in  gearing  with  the 
longest  radius  of  the  wheel  on  A  at  the  instants  when  the  crank  is 
passing  its  dead-points.  The  result  to  be  aimed  at  in  the  arrange- 
ment is,  that  each  quarter-stroke  of  C  shall  be  made  as  nearly  as 
possible  in  the  time  of  one-eiglUh  of  a  revolution  of  A ;  and  in  order 
that  this  may  be  the  case,  the  following  should  be  the  angles  moved 
•  through  by  the  two  shafts  respectively  in  given  times  : — 

Shaft  A, o°         450         900         1350         1800 

Shaft  B,  commencing  at ) 

a  dead-point  of  the!-o°         6o°         900         1200         1800 

crank, ) 

Hence  it  appears  that  B  is  alternately  to  overtake  and  to  fall 
behind  A  by  15°.  This  angle,  then,  being  given,  the  rules  of 
Article  109,  page  98,  are  to  be  applied  to  the  designing  of  the  pitch- 
lines  of  the  wheels.  The  greatest  and  least  radii  of  those  wheels  are 
approximately  0*634  and  0*366  of  the  line  of  centres  respectively. 

The  following  are  the  comparative  velocities,  at  different  instants, 
of  a  revolving  point  in  A  at  a  given  distance  from  its  axis,  of  a 
revolving  point  in  B  at  the  same  distance  from  its  axis,  and  of  a 
point  in  C  connected  by  a  very  long  link  with  the  point  in  B  * : — 

*  Mr.  Willis,  in  his  Treatise  on  Mechanism,  investigates  the  figures  of  a  pair 
of  wheels  on  A  and  B  for  giving  exact  uniformity  to  the  ratio  C  -f-  A.  The 
equations  are  as  follows : — Let  c  be  the  line  of  centres ;  r,  a  radius  of  the 
wheel  on  B,  making  the  angle  0  with  the  shortest  radius ;  r\  the  corres])onding 
radius  of  the  wheel  on  A,  making  the  angle  &  with  the  longest  radius  of  this 
wheel ;  then  we  have 

nr  sin  0  ,  ,«       t  .. 

r  »  c    — ; — 7r-rn  >  r  =  c  —  r ;  and  v  =»  ^  •  versin  0. 
ir  sin  0  +  2  '  2 

Mr.  Willis  points  out  that  the  forms  of  the  pitch-lines  given  by  the  equations 
mvst  in  practice  be  slightly  modified  at  the  points  which  gear  together  when 
the  crank  is  at  its  dead-points. 
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Angles  moved  through  )      qQ        ^       ^o        ^o       i8qo 

Velocity-ratio  B -t- A,     1732     0866     0577     0866     1732 
Velocity-ratio  C  -r  B,        o        o*866     i-ooo     0866         o 
Velocity-ratio  C  -5-  A,        o        0750     0577     0750         o 

Mean  value  of  each  of  the  velocity-ratios  C  -f-  B  and  C  -f-  A,  0*637. 

A  similar  adjustment  may  be  made  by  connecting  the  shafts  A 
and  B  by  means  of  an  universal  joint  (Article  191,  page  203);  the 
fork  on  the  shaft  B  being  so  placed  as  to  have  its  plane  perpen- 
dicular to  the  plane  of  the  axes  when  the  crank  is  at  its  dead-points ; 
the  angle  made  by  those  axes  with  each  other  should  be  that  whose 
cosine  is  0*577,  viz.,  54 1°. 

The  Double  Hooke's  Joint  (Article  192,  page  205)  is  an  example 
of  a  train  in  which  the  fluctuation  of  the  velocity-ratio  is  corrected 
exactly. 

Section  X. — References  to  Combinations  arranged  in  Classes. 

215.  Object  of  this  Section.— In  the  preceding  sectioDS  the  various 
elementary  combinations  in  mechanism  have  been  arranged  accord- 
ing to  the  mode  of  connection.  The  object  of  the  present  section 
is  to  give  a  list  of  such  combinations,  arranged  according  to  Mr. 
Willis's  system — that  is,  according  to  the  comparative  motion — 
with  references  to  the  previous  Articles  and  pages  of  this  treatise, 
where  the  several  combinations  are  described.  Two  deviations 
from  or  modifications  of  Mr.  Willis's  system  are  used;  first,  the 
addition,  at  the  commencement  of  each  Class,  of  references  to  places 
where  the  comparative  motions  of  two  points  in  one  primary  piece 
are  treated  of;  and  secondly,  the  placing  of  combinations  in  which 
the  connection  is  intermittent,  iu  a  class  by  themselves,  entitled 
Class  D. 

21G.    CLASS    A      Directional- Relation  Constant  —  Velocity-Ratio 
Constant* 

Combinations. 
Velocity-Ratio  thai  of  Equality  alone. 

Articles.  Pages. 

Pair  of  Points  in  one  straight-sliding  Primary  Piece,       43  22 

Sliding  Contact,  Oldham's  Coupling, 158  166" 

Ban ds,  equal  and  similar  Non-circular  Pulleys, 167  182 

Linkwork,  Coupled  Parallel  Shafts, 181  194 

„          Drag-link:    Shafts  in  one  straight  line,  182  194 

„          Double  Hooke's  Joint, 192  205 

„          Double  Hooke-and-Oldbam  Coupling,....  19^  v& 
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Any  Constant  Velocity-Ratio. 


Pair  of  Points  in  one  Rotating  Primary  Piece,. 
Pair  of  Points  in  one  Screw, 


Boiling  Contact:   Circular  Toothless  Wheels  and 
Sectors,  and  Straight  Backs, 

Boiling  Contact:  Frictional  Gearing, 


Sliding  Contact;    Circular    Toothed    Wheels    and 
Sectors,  and  Straight  Backs, 


Sliding  Contact :  Screw  Gearing, 


Packs. 


Bands  and  Pulleys,. 


Blocks  and  Tackle,, 


Hydraulic  Connection:  Pistons  and  Cylinders,. 


210 
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217.     CLASS    B.      Directional -Relation   Constant;    Telocity-Ratio 
Variable. 


Mean  Velocity-Ratio  tliat  of  Equality  alone. 

JtoR 

0  x  1    IO9 

Sliding  Contact :  Toothed  Elliptic  and  Lobed  Wheels,  1 43 

„  „  Pin  and  Slot  Coupling, 159 

Crossed  Cord  and  Elliptic  Pulleys, 175 

Linkwork:  Drag-Link, ;...  182 

Link  for  Contrary  Botations, 183 

Single  Hooke's  Joint, 191 

Single  Hooke-and-Oldham  Coupling, ....  1 93 


» 


» 


Any  Mean  Velocity-Ratio. 
Boiling  Contact:  Non-Circular  Wheels  and  Sectors 


(107 
A  to 
(no 


95 

to 

99 
141 

167 

189 

194 

196 

203 

206 


92 

to 

102 


it 
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Any  Mean  Velocity-Ratio — Continued, 

Aaxicua,  Paghl 

Sliding  Contact :  Teeth  of  Non-Circular  Wheels  and  > 

Sectors, J  M3  I41 

Bands  with  Non-Circular  Pulleys, 175  188 

Link  work  with  Booking  Cranks  and  Levers, <      *  ^ 

I      6  2l8 

Blocks  and  Tackle,  obliquely  acting, <      6  to 

(20  221 


218.    CLASS  C.      Directional-Relation   Variable. 

Sliding  Contact :  Pin  and  Slot, 159  168 

{160  170 

to  to 

163  175 

(  184  196 

Link  work :  Rotating  Cranks  and  Eccentrics, <    to  to 

( 188  201 

„  Levers  for  Multiplying  Oscillations, 189  201 

„  Band-links, 198  213 


219.  CLASS  D.      Intermittent  Connection. 

Sliding  Contact :  Intermittent  Wheel- work, 142  139 

„  „         Wipers  and  Pallets;  Escapements,     164  175 

( 194  206 

Link  work:  Clicks  and  Hatchets, -;    to  to 

I  196  211 

Fiictional  Catches, 196  211 

Slotted  Link, 199  213 

Hydraulic  Connection:  Yalves,  Pumps,  Hydraulic  J  211       *  * 
Press,  Bellows, J211A 

Section  XI. — Comparative  Motion  in  the  "Mechanical  Powers.'9 

220.  ClnMiflcnUon     of    the     Mechanical     Powers. — "Mechanical 

Powers "  is  the  name  given  to  certain  simple  or  elementary  ma- 
chines, all  of  which,  with  the  single  exception  of  the  pulley,  are 
more  simple  than  even  an  elementary  combination  of  a  driver  and 
follower;  for,  with  that  exception,  a  mechanical  power  consists 
essentially  of  only  one  primary  moving  piece ;  and  the  comparative 
motion  taken  into  consideration  is  simply  the  velocity-ratio  either 
of  a  pair  of  points  in  that  piece,  or  of  two  components  of  the 
velocity  of  one  point     There  are  two  established  cla&^c&\i\QTt&  di 
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the  mechanical  powers;  an  older  classification,  which  enumerates 
six;  and  a  newer  classification,  which  ranges  the  six  mechanical 
powers  of  the  older  system  under  three  heads.  The  following 
table  shows  both  these  classifications : — 

Newkb  Classification.  Older  Classification. 

The  Lever, |  The  ^^  and  Ax^ 

(  The  Inclined  Plane. 

The  Inclined  Plane, <  The  Wedge. 

( The  Screw. 

The  Pulley, The  Pulley. 

In  the  present  section  the  comparative  motions  in  the  mechanical 
powers  are  considered  alone.  The  relations  amongst  the  forces 
which  act  in  those  machines  will  be  treated  of  in  the  dynamical 
division  of  this  Treatise. 

221.  ficrcr— Wheel  and  Axle. — In  the  lever  and  the  wheel  and 
axle  of  the  older  classification,  which  are  both  comprehended  under 
the  lever  of  the  newer  classification,  the  primary  moving  piece 
turns  about  a  fixed  axis;  and  the  comparative  motion  taken  into 
consideration  is  the  velocity-ratio  of  two  points  in  that  piece,  which 
may  be  called  respectively  the  driving  point  and  the  following  point. 
The  principle  upon  which  that  velocity-ratio  depends  has  already 
been  stated  in  Article  53,  page  31 — viz.,  that  the  velocity  of  each 
point  is  proportional  to  the  radius  of  the  circular  path  which  it 
describes;  that  is,  to  its  perpendicular  distance  from  the  axis  of 
motion. 

The  distinction  between  the  lever  and  the  wheel  and  axle  is 
this:  that  in  the  lever,  the  driving  point,  D,  and  the  following 

point,  F,  are  a  pair  of  determinate 
points  in  the  moving  piece,  as  in 

nx  \        tig8*   161  to  1G4;  whereas  in  the 

wheel  and  axle  they  may  be  any 

r,  .    pair  of  points  which  are  situated 

Y*  \  respectively  in  a  pair  of  cylindrical 

#         ]  ]  pitch-surfaces,  D  and  F,  described 

A       '  '  about  the  axis  A,  fig.  160. 

In  each  of  these  figures  the  plane 
of  projection  is  normal  to  the  axis, 
and  A  is  the  trace  of  the  axis.  In 
fig.  160,  D  and  F  are  the  traces  of 
two  cylindrical  pitch-surfaces.  In 
Fig.  160.  tig8-  161  to  164,  D  and  F  are  the 

projections    of    the     driving    and 
following  points  respectively. 
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The  axis  of  a  lever  is  often  called  the  fulcrum. 

A  lever  is  said  to  be  straiglU,  when  the  driving  point,  D,  and 
following  point,  F,  are  in  one  plane  traversing  the  axis  A,  as  in 
figs.  161,  162,  and  163.  In  other  cases  the  lever  is  said  to  be  bent, 
as  in  fig.  164. 


Fig.  161. 


Fig  K,2. 


1) 

Fig.  163. 


The  straight  lever  is  said  to  be  of  one  or  other  of  three  kinds, 
according  to  the  following  classification : — 

In  a  lever  of  Hit.  first  kind,  fig.  161,  the 
driving  and  following  points  are  at  oppo- 
site sides  of  the  fulcrum  A. 

In  a  lever  of  tfie  second  kind,  fig.  162,  the 
driving  and  following  points  are  at  the  same 
side  of  the  fulcrum,  and  the  driving  point  is 
the  further  from  the  fulcrum. 

In  a  lever  of  Vie  third  kind,  fig.  163,  the 
driving  and  following  points  are  at  the  same  side  of  the  fulcrum, 
and  the  following  point  is  the  further  from  the  fulcrum. 

222.  inclined  Plane— Wedge.— In  the  inclined  plane,  and  in  the 
wedge,  the  comparative  motion  considered  is  the  velocity-ratio  of 
the  entire  motion  of  a  straight-sliding  primary  piece  and  one  of  the 
components  of  that  motion;  the  principles  of  which  velocity -ratio 
have  been  stated  in  Article  43,  pages  22,  23. 

In  the  inclined  plane,  fig.  165,  A  A  is  the  trace  of  a  fixed  plane; 
B,  a  block  sliding  on  that 
plane  in  the  direction  B  C; 
the  plane  of  projection  being 
perpendicular  to  the  plane 
A  A,  and  parallel  to  the 
direction  of  motion  of  B. 
B  D  is  some  direction  oblique 
to  B  C.  From  any  convenient 
point,  C,  in  B  C,  let  fall  C  D 
perpendicular  to  B  D;  then 
BDrBCis  the  ratio  of 
the  component  velocity  in 
the  direction  B  D  to  the  entire  velocity  of  B. 

In  fig.  166,  A  A  is  the  trace  of  a  fixed  plane;  BCD,  the  trace 
of  a  wedge  which  slides  on  that  plane.  While  the  wedge  advances 
through  the  distance  C  c,  its  oblique  face  advances  fvom  \\&  ^u£\- 


Fig.  1G5. 
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tion  C  D  to  the  position  c  d;  and  if  C  e  be  drawn  normal  to  the 
plane  0  D,  the  ratio  borne  by  the  component  velocity  of  the  wedge 


Fig.  166. 

in  a  direction  normal  to  its  oblique  face  to  its  entire  velocity  will 
be  expressed  by  C  e  :  C  c. 

223.  Screw. — In  the  screw  the  comparative  motion  considered 
is  the  ratio  borne  by  the  entire  velocity  of  some  point  in,  or  rigidly 
cod  nee  ted  with,  the  screw,  to  the  velocity  of  advance  of  the  screw. 

The  helical  path  of  motion  of  a  point  in,  or  rigidly  attached  to,  a 
screw  may  be  developed  (as  has  been  already  explained  in  Article 
€3,  page  40)  into  a  straight  line:  being  the  hypothenuse  of  a 
right  angled  triangle  whose  height  is  equal  to  the  pitch  of  the 
screw,  and  its  base  to  the  circumference  of  a  circle  whose  radius 
is  the  distance  of  the  given  point  from  the  axis  of  the  screw.  Then 
if  B  D  in  fig.  1 65  be  taken  to  represent  the  pitch  of  the  screw,  and 
D  C,  perpendicular  to  B  D,  the  circumference  of  the  circle  described 
by  the  point  in  question  about  the  axis,  B  C  will  be  the  develop- 
ment of  one  turn  of  the  screw-line  described  by  that  point  as  it 
revolves  and  advances  along  with  the  screw;  and  B  C  -s-  B  D  will 
be  the  ratio  of  its  entire  velocity  to  the  velocity  of  advance;  just 
as  in  the  case  of  a  body  sliding  on  an  inclined  plane,  A  A,  parallel 
to  B  C.  This  shows  why  the  screw  is  comprehended  under  the 
general  head  of  the  inclined  plane,  in  the  newer  classification  of 
the  mechanical  powers. 

22L  Pniiey.— The  term  pulley,  in  treating  of  the  mechanical 
powers,  means  any  purchase  or  tackle  of  the  class  already  described 
in  Section  VII.  of  this  Chapter,  pages  214  to  221. 
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CHAPTER  V. 

OF  AGGREGATE  COMBINATIONS  IN  MECHANISM. 

Section  I. — General  Explanations. 

225.  Aggregate  Combination  Denned. — "Aggregate  Combinations" 
is  a  term  introduced  by  Professor  Willis,  to  denote  those  assem- 
blages of  pieces  in  mechanism  in  which  the  motion  of  one  follower 
is  the  resultant  of  motions  impressed  upon  it  by  more  than  one 
driver.  The  number  of  independently-acting  drivers  which  impress 
directly  a  compound  motion  on  one  follower  cannot  be  greater  than 
three ;  because  each  driver  determines  the  motion  of  at  least  one 
point  in  the  follower;  and  the  determination  of  the  motion  of  three 
points  in  a  body  determines  the  motion  of  the  whole  body.  In 
most  cases  which  occur  in  practice,  the  number  of  independent- 
drivers  which  act  directly  on  one  follower  is  two. 

226.  General  Principle  ef  their  Action. — The  follower  which  has 
such  a  compound  motion  directly  communicated  to  it  by  more 
than  one  primary  piece  must  necessarily  be  a  secondary  piece, 
as  defined  in  Article  37,  page  17;  its  motion  at  any  instant  is 
the  resultant  of  the  motions  impressed  upon  it  separately  by  the 
pieces  which  act  as  its  drivers;  and  tLe  determination  of  that 
resultant  motion  depends  upon  the  principles  already  explained  in 
Chapter  IIL  of  this  Division,  pages  43  to  7o.  Several  examples  of 
the  motion  of  secondary  pieces  have  been  given  in  the  preceding 
Chapter,  in  treating  of  those  secondary  pieces,  such  as  links  and 
bands,  and  the  sheaves  of  running  blocks,  which  act  as  connectors 
in  elementary  combinations. 

227.  Aggregate  Combination*  terminating  In  a  Primary  Piece. — 

Very  often  an  aggregate  combination  is  of  the  nature  of  a  train; 
and  although  a  secondary  piece  receives  in  the  first  instance  a 
compound  motion  from  two  or  from  three  primary  pieces,  that 
secondary  piece  communicates  motion  in  the  end  to  a  primary 
piece.  In  such  cases  the  motion  of  that  last  primary  follower  may 
be  determined,  by  finding  the  motions  which  would  be  communi- 
cated to  it  through  the  intermediate  secondary  piece  or  pieces  by 
the  several  primary  drivers  acting  separately,  and  taking  the 
resultant  of  those  motions. 

228.  Shifting  Trains.— A  secondary  piece  in  an  aggregate  com- 
bination has  very  often  a  form  like  that  of  a  primary  \>\&&fe,  axA 
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is  distinguished  from  a  primary  piece  only  by  the  fact  that  its 
bearings,  instead  of  being  carried  by  the  fixed  frame,  are  carried  by 
a  moving  frame;  that  moving 
frame  being  one  of  the  primary 
pieces  from  which  the  second- 
■  ary  piece  receives  its  motion. 
1  For  example,  a  wheel  may  turn 
about  an  axis  which  is  carried 
by  an  arm  that  turns  about 
another  axis.  The  compound 
motions  of  which  such  second- 
ary pieces  are  capable  have 
been  treated  of  in  Articles  72 
Fir  ley  t°   79,   pages  51    to    62,  and 

Articles  81  to  66,  pages  66  to 
74.  When  such  a  secondary  piece  is  to  drive  or  to  lie  driven  by  a 
primary  piece,  or  another  secondary  piece  not  carried  by  the  same 


Fig.  108. 


moving  frame,  special  contrivances,  which  may  be  called  shifting 
trains,  have  to  be  used  in  order  to  keep  up  the  connection  between 
the  two  pieces  during  their  various  changes  of  relative  position. 
The  following  are  examples: — 

I.  When  two  pieces  turning  about  parallel  axes  are  connected 
by  toothed  gearing,  and  one  of  them  is  free  to  shift  its  position 
along  its  axis  relatively  to  the  other,  the  Long  or  Broad  Pinion 
may  be  used.  In  fig.  167  A  A  and  B  B  are  a  pair  of  parallel 
axes;  C,  a  spur-wheel  on  A  A;  D,  a  pinion  on  11  B;  and  the 
breadth  of  the  pitch-surface  of  D  is  made  greater  than  that  of  C  by 
a  length  equal  to  the  distance  through  which  D  is  capable  of  being 
shifted  longitudinally. 

IX  When  a  toothed  wheel,  C  C,  fig.  166,  gears  with  a  rack, 
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D  D,  and  either  the  rack  is  to  be  capable  of  turning  about  an  axis, 
B  B,  parallel  to  its  pitch-line,  or  the  axis  A  of  the  wheel  is  to  be 
capable  of  being  moved  round  the  axis  B  B  at  the  end  of  an  arm, 
F  A,  the  Circular  Rack  is  to  be  used,  being,  as  represented  in 
the  figure,  a  solid  of  revolution  generated  by  the  rotation  of  the 
trace  of  the  rack-teeth  about  the  axis  B  B.  The  pitch-line  D  D 
becomes  the  trace  of  an  imaginary  pitch-cylinder  generated  by  its 
revolution  about  the  axis  B  B;  and  the  pitch-point  £  is  the  point 
of  contact  of  that  cylinder  with  the  pitch-cylinder  of  the  wheel. 

It  is  easy  to  see  that  by  fixing  a  broad  pinion  on  one  part  of  a 
shaft,  and  a  circular  rack  on  another,  that  shaft  may  receive  at 
the  same  time  two  independent  motions  of  rotation  about  its  axis 
and  translation  along  its  axis  respectively,  from  two  different  spur- 
wheels;  the  result  being  a  helical  motion;  and  this  is  one  of  the 
simplest  of  aggregate  combinations. 

III.  Train- Arm. — When  rotation  is  to  be  transmitted  from  a 
fixed  axis  to  a  shifting  axis,  or  from  one  shifting  axis  to  another, 
and  the  relative  motion  of  the  two  axes  is  such  that  their  distance 
apart,  and  the  angle  which  their  directions  make  with  each  other, 
do  not  change, — in  other  words,  when  one  of  the  two  axes  revolves 
round  the  other  as  if  it  were  carried  by  a  rotating  arm, — the  con- 
nection between  those  axes  may  be  kept  up  by  means  of  one  rigid 
frame,  which  carries  any  combination  or  train  of  mechanism  suitable 
for  transmitting  rotation  from  the  one  axis  to  the  other :  such  a 
frame  is  called  a  train-arm. 

The  general  principles  of  the  velocity-ratios  which  are  communi- 
cated by  means  of  train-arms  will  be  stated  further  on;  but  at 
present  one  particular  case  requires  special  mention, — it  is  that  in 
which  the  train  carried  by  the  arm  is  such  that  the  two  axes  con- 
nected by  it  are  parallel,  and  the  angular  velocities  of  the  pieces 
which  turn  about  them  equal  and  in  the  same  direction.  In  fig. 
169  the  plane  of  projection  i&  supposed  to  be  normal  to  the  two 
axes  to  be  connected.  A  and  B  the  traces  of  n 

those  two  axes,  and  A  B  their  common  per- 
pendicular. A  moveable  frame  or  train-arm 
counects  the  bearings  of  the  axes  with  each 
other,  so  that  the  distance  A  B  is  invariable ; 
aud  that  frame  carries  a  train  of  mechanism  "**•**  ; 

such  as  to  transmit  the  angular  velocity  of  *"*»^.  ', 

the  piece  which  turns  about  A  unchanged  in  pjg  jCq 

velocity  and  direction  to  the  piece  which 
turns  about  B.  For  example,  those  pieces  may  haze  pairs  of 
parallel  and  equal  cranks  linked  together  by  coupling-rods;  or 
they  may  be  equal  and  similar  pulleys  connected  by  a  band;  or 
equal  and  similar  toothed  wheels,  with  an  intermediate  wheel 
gearing  with  both.     The  result  is,  that  while  the  taaiu-fetui  Wcm 
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into  any  other  position,  such  uAJ,  the  angular  velocities  of  the 
pieces  which  rotate  about  the  axes  A  and  B  respectively  continue 
to  be  equal  in  magnitude  and  identical  in  direction. 

IY.  When  rotation  is  to  be  transmitted  between  a  pair  of  axes 
whose  common  perpendicular  alters  in  length  as  well  as  in  direc- 
tion, a  Compound  T*ais-ahk  may  be  used,  consisting  of  two  or 
more  train-arms  jointed  together  at  intermediate  axes.  For 
example,  in  fig.  170,  A  and  C  are  the  traces  of  two  such  axes.  B 
is  the  trace  of  an  intermediate  axis, 

,.- — „  connected  by  means  of  two  train-arms 

MiC'  N  with  A  and  with  C  respectively,  so 

ST"*\  N.      that  the  distances  A  B  and  B  C  are 

\        ~y>z  y*  invariable;  while  A  B  can  be  turned 

\/  s'"'  into  any  angular  position  about    A, 

X\  „/  such  as  A  6,  and  B  C  into  any  angular 

/      '^s  position  about  B,  such  as  b  c     Then 

y       _,.''  the  relative  position  of  A  and  C  can 

' — ''  be  altered  either  in  direction  or  in 

j...     j-q  distance,  so  long  as  their  distance  apart 

does  not  exceed  A  B  +  B  C;  and  the 

transmission  of  motion  will  still  be  kept  up  by  means  of  the  trains 

that  are  carried  by  the  train-arms. 

V.  When  motion  is  transmitted  between  two  axes  by  means  of 
a  band,  the  connection  may  be  maintained  during  changes  of  the 
relative  position  of  those  axes  by  means  of  Straining  Bullies  and 
Guiding  Pullies  so  arranged  as  to  keep  the  band  tight. 

220.    IHclhoih  of  Treating   Problrmn   rrupcclliig   Aggregnle   C'imh- 

biaailona-  The  methods  by  which  problems  respecting  aggre- 
gate combinations  are  solved  may  be  distinguished  into  two 
classes. 

I.  In  one  class  a  piece  which  may  be  regarded  as  a  train-arm, 
or  moving  framo  (and  which  may  bo  designated  by  B),  has  a  given 
motion  relatively  to  the  fixed  frame,  A,  of  the  machine;  and  at 
the  same  time  a  secondary  moving  piece,  0,  has  a  given  motion 
relatively  to  B.  The  resultant  of  those  two  given  motions  is  the 
motion  of  C  relatively  to  A;  and  the  general  rules  for  finding  it  in 
various  cases  have  been  stated  in  Articles  73  to  77,  pages  52  to  56, 
and  Articles  til  to  8(1,  (silt's  66'  to  74. 

II.  In  the  other  class  of  methods  the  motions  of  three  points  in 
a  secondary  piece  that  is  free  to  move  in  all  directions,  or,  mnro 
frequently,  the  motions  of  two  points  in  a  secondary  piece  that  is 
guided  so  as  to  move  in  one  plane,  or  about  one  fixed  {mint,  are 
given;  and  the  motion  of  the  piece  as  a  whole  is  to  be  deduced 
from  them.  The  general  rules  for  doing  this  have  been  given 
in  Articles  69  to  71,  pages  45  to  51. 

There  is  no  difference  in  principle  between  the  kinds  of  problems 
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ttstte  treated  by  those  two  classes  of  methods  respectively;  the 
cnoiotif  methods  is  a  matter  of  convenience  only. 

3H  .Aggrcfnte  Comb  I  anil  ana  cln»ed  according  *"  Ifcelr  Parpom 

— JBigMi-  v*i«riiiH — Asarrnots  Fnihs. — The  classification  of  aggre- 
gate Rii  i  Li  nations  which  will  be  adopted  throughout  the  rest  of 
this  Qaptcr  is  that  of  Mr.  Willis,  and  is  founded  on  the  purposes 
which  die  combinations  are  designed  to  effect.  Those  purposes 
are  distinguished  into  (I.)  aggregate  velocities,  and  (II.)  aggregate 
pa&l. 

L  When  an  aggregate  velocity  is  the  object  aimed  at,  the  final 
piece  of  the  train  is  usually  a  primary  piece,  whose  comparative 
Telocity,  by  the  help  of  an  aggregate  combination,  is  made  either 
to  have  a  certain  constant  value  or  to  vary  according'  to  a  law 
which  it  might  be  difficult  or  impossible  to  realize  by  means  of  a, 
train  of  elementary  combinations  only. 

II.  When  an  aggregate  patlt  is  the  object  aimed  at,  a  point  in  a 
t  i  is  made,  by  means  of  an  aggregate  combination,  to 
e  in  a  path  of  a  figure  which  may  be  different  from  that  which 
a  point  in  a  primary  piece  would  describe. 

The  only  paths  which  points  in  primary  pieces  can  describe  are 
straight  lines,  circles,  and  screw  lines;*  and  paths  of  all  other 
figures  must  bo  described  by  the  help  of  aggregate  combinations. 
Sometimes,  indeed,  it  is  found  convenient  to  use  aggregate  com- 
binations for  describing,  either  exactly  or  approximately,  even 
those  elementary  paths  themselves — the  straight  line,  the  circle, 
ant  the  screw-line.  For  example,  there  is  a  numerous  class  of 
aggregate  combinations  called  parallel  motions,  whose  object  is  to 
make  a  point  move  sensibly  in  a  straight  line, 

*  In  other  words,  paths  in  which  both  the  curvature  and  the  tortuosity 
are  either  none  or  uniform.  The  curvature  of  a  path  is  the  reciprocal  of  the 
radius  of  curvature.  The  tortuosity  is  the  reciprocal  of  the  length,  measured 
along  the  path,  in  the  course  of  which  the  radius  of  curvature  rotates  round 
a  tangent  to  the  path  as  an  axis,  through  the  angle  which  subtends  an  arc 
equal  to  radius.  In  the  case  of  a  helix,  or  screw  line,  let  r  be  the  radius  of 
the  cylinder  on  which  the  screw-line  is  described,  and  p  the  pitch  of  that 
line ;  let  7  =  ,,  -  be  the  radius  of  a  circle  whose  circumference  is  equal  to 

the  pitch ;  let  B  be  the  obliquity  of  the  screw-line  to  a  plane  normal  to  its 
axis;  let  p  be  its  radius  of  curvature;  and  let  a  be  the  reciprocal  of  the 
tortuosity.  Then  q  =  r  ton  8;  and  according  to  Articlo  64,  page  41,  the 
radius  of  ci 


Also,  it  can  he  shown  that  the  reciprocal  of  the  tortuosity  is 
»  =  5  +  —  =  q  cose  c  '8  =  Zrcosec  26  =  p  cotan 
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A  further  subdivision  of  the  purposes  of  aggregate  comb; 
leads  to  the  following  classification : — 

Aggregate  Velocities.  / 

Production  of  Uniform  Velocity-Ratios  (as  in  "Willis's  (was  A). 
Production  of  Varying  Velocity-Ratios  (as  in  Willis  I  Classes 
B  and  C).  / 

Aggregate  Paths.  ' 

Description  of  Curved  Paths,  (Ellipses,  Epicycloids,  Ike.) 
Description  of  Sensibly  Straight  Paths  (Parallel  Motions). 

231.   Converging    Aggregate    Combinations. — This    term    may    be 

applied  to  denote  those  trains  in  which  the  drivers  in  an  aggregate 

combination  are  themselves  the  followers  in 
aggregate  combinations.  By  m  earns  of  trains 
of  that  kind,  any  number  of  component 
motions  may  be  combined.  Suppose,  for 
example,  that  a  piece,  A,  is  driven  jointly 
by  B  and  C,  and  that  B  is  driven  jointly 
by  D  and  E,  and  C  by  F  and  G ;  then  the 
motion  of  A  is  the  resultant  of  four  com- 
ponent motions,  due  respectively  to  the 
actions  of  D,  E,  F,  and  G. 

Section  II. — Production  of  Uniform 
Aggregate  Velocity- Ratios. 

232.     Differential  Pulley  and    WinrflnM.— 

In  this  combination,  two  pulleys,  B  and  C 
(fig.  171),  of  different  radii,  rotate  as  one 
piece  about  a  fixed  axis,  A.  An  endless 
chain,  B  D  E  C  L  K  H,  passes  over  both 
pulleys.  The  rims  of  the  pulleys  are  shaped 
so  as  to  hold  the  chain,  and  prevent  it  from 
slipping.  The  lines  in  the  figure  represent 
the  pitch-lines  of  the  pulleys  and  the  centre 
line  of  the  chain  respectively.  As  to  the 
relation  between  those  lines  and  the  actual 
figures  of  the  pieces,  see  Articles  16C,  176, 
pages  180,  190.  One  of  the  bights  or  loops 
in  which  the  chain  hangs,  D  E,  passes  under 
and  supports  the  running  block  F.  The 
other  loop  or  bight,  H  K  L,  hangs  freely; 
and  very  often  the  combination  is  driven  by 
hauling  upon  the  part  H  K ;  which  therefore 
may  be  called  the  hauling  part    It  is  evident 
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ttftt  the  velocity  of  the  hauling  part  is  equal  to  that  of  the 
pitch-circle  B.  Sometimes  the  compound  pulley  is  driven  by 
other  means;  as  by  a  second  endless  chain  acting  on  a  sprocket- 
wheel 

In  order  that  the  velocity-ratio  may  be  exactly  uniform,  the 
radius  of  the  sheave  F  should  be  an  exact  mean  between  the  radii 
of  B  and  C ;  but  it  is  not  necessary  to  follow  this  rule  strictly  in 
practice.  In  stating  the  velocity-ratio,  however,  it  will  be  assumed 
that  the  rule  has  been  observed. 

Let  the  velocities  of  the  pitch-circles  of  B  and  C  be  denoted  by 
B  and  G  respectively.  Then  the  proportion  of  those  velocities  to 
each  other  is 

C      AC 
B  ""  AB 

Let  F  denote  the  velocity  of  the  running  block.  Then,  if  C  were 
a  fixed  point,  and  consequently  C  £  a  "standing  part"  of  the  chain, 
the  value  of  F  would  be  £  B,  and  the  direction  of  its  motion  would 
be  upward  (agreeably  to  the  principles  of  Article  201,  page  215). 
Also,  if  B  were  a  fixed  point,  and  B  D  a  standing  part,  the  value 
of  F  would  be  -  ^  C ;  the  negative  sign  being  used  to  denote  down- 
ward motion.  The  actual  value  of  F  is  the  resultant  of  those  two 
components ;  that  is  to  say, 

t,      B  -  C 
F  = : 

2      ' 

whence  we  have  the  comparative  motion  of  the  larger  pitch-circle 
B,  and  the  running  block  F,  expressed  by  the  following  velocity- 
ratio  : — 

F_lri       CI        AB  -  AC 
B-2'l        BJ  2  AB     ' 

The  velocity  of  the  running  block  is  the  same  with  that  of  the 

pitch-circle  of  a  pulley  of  the  radius  A  G  =  ^ ,  turning 

with  the  same  angular  velocity  with  the  actual  differential  or 
compound  pulley. 

To   calculate   the  lengtJi  of  cliain   required    for  a  differential 
pulley,  take  the  following  sum:   half  the  circumference  of  A  + 
half  the   circumference   of  B  +  half  the  circumference   of  F  + 
twice  the  greatest  distance  of  F  from  A  +  the  least  length  of 
the   loop   H  K  L.      This  last    quantity  is   fixed  according  to 
convenience. 

B 
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The  differential  windlass  or  differential  barrel  (fig.  172)  is  identi- 
cal in  principle  with  the  differential  pulley;  the  difference  in  con- 
struction being,  that  in  the  differential 
windlass  the  running  block  hangs  in  the 
bight  of  a  rope  whose  two  parts  are  wound 
round,  and  have  their  ends  respectively 
-A/  made  fast  to,  two  barrels  of  different  radii, 
which  rotate  as  one  piece  about  the  axis 
A.  The  differential  windlass  is  little  used 
in  practice,  because  of  the  great  length  of 
rope  which  it  requires.  That  length  is 
expressed  by  the  following  sum  : — Twice 
the  least  distance  of  the  running  block 
from  A  +  half  circumference  of  running 

block  +  ^  x  total  distance  through  which 

F  is  lifted;  and  the  last  term  is  often  an 
inconveniently  great  quantity. 

233.  Command  Screws.  (A.  M.,  505.) — A  compound  screw  con- 
sists of  two  screws  cut  upon  the  same  spindle,  and  each  having 
a  nut  fitted  upon  it  The  screw  turns :  one  of  the  nuts  is  usually 
fixed,  so  that  the  screw  in  turning  in  that  nut  is  made  to  advance ; 
the  other  nut  slides,  but  does  not  turn ;  and  the  sliding  motion  of 
the  second  nut  relatively  to  the  first  nut  is  the  resultant  of  tho 
advance  of  the  screw  relatively  to  the  first  nut,  and  of  a  motion 
equal  and  opposite  to  the  advance  of  the  screw  relatively  to  the 
second  nut;  that  is  to  say,  the  second  nut  moves  relatively  to  the 
first  nut  as  if  it  were  acted  upon  by  a  single  screw  of  a  pitch  equal 
to  the  difference  between  tics  pitches  of  the  two  screw-threads  that 
are  cut  on  the  spindle ;  supposing  those  threads  to  wind  the  same 
way.  But  if  the  threads  are  contrary-Jianded,  for  the  difference 
of  their  pitches  is  to  be  substituted  the  sum. 

Fig.  173  represents  a  differential  screw:  that  is,  a  compound  screw 


Fig.  173. 


in  which  the  threads  wind  the  same  way.  Nx  and  N2  are  the  two 
nuts;  Sx  Sj,  the  longer-pitched  thread ;  S2  S2,  the  shorter-pitched 
thread :  in  the  figure  both  those  threads  are  left-handed.  At  each 
turn  of  the  screw  the  nut  N2  advances  relatively  to  Nj  through  a 
distance  equal  to  the  difference  of  the  pitches.     The  use  of  the 
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differential  screw  is  to  combine  the  slowness  of  advance  due  to  a  fine 
pitch  with  the  strength  of  thread  which  can  be  obtained  by  means 
of  a  coarse  pitch  only. 

Fig.  174  represents  a  compound  screw  in  which  the  two  threads 
are  contrary-handed;  and  the  effect  of  each  turn  of  the  screw  is  to 
alter  the  distance  between  the  nuts  N2  and  N2  by  an  amount 
equal  to  the  sum  of  the  pitches  of  the  threads,  which  are  usually 
equal  to  each  other.  This  combination  is  used  to  tighten  the 
couplings  of  railway  carriages. 

234.  Bpicyciic  Train*  with  Uniform  Actton.— An  epicyclic  train 
for  producing  an  uniform  aggregate  velocity-ratio  consists  essen- 
tially of  four  parts,  whose  general  arrangement  may  be  held  to  be 
represented  by  the  diagram  in  Fig.  175 — viz.,  the  primary  wheels 
B  and  C,  turning  about  the  same 
axis,  O,  with  different  uniform  velo- 
cities ;  the  train-arm  A,  being  a 
moveable  frame,  turning  with  an 
uniform  velocity  about  the  same 
axis;  and  the  shifting  train  of 
secondary  pieces,  carried  by  the 
train-arm  A,  and  transmitting  an 
uniform  velocity- ratio  from  B  to 
C,  in  the  manner  of  an  ordinary 
train.  The  shifting  train  may 
consist  of  any  kind  of  mechanism 
belonging  to  Class  A;  such  as  circular  toothed  wheels,  whether 
spur,  bevel,  or  skew- bevel;  screw-gearing;  circular  pulleys  and 
bands;  links  with  equal  parallel  crauks;  and  double  universal  joints. 

The  comparative  motions  of  the  three  primary  pieces,  A,  B,  and 
C,  are  determined  in  the  following  manner : — Let  a,  6,  and  c  re- 
present numbers  proportional  to  the  respective  angular  velocities  of 
those  pieces;  it  being  understood  that  rotations  in  one  direction 
are  to  be  considered  as  positive,  and  those  in  the  contrary  direction 
as  negative. 

First,  suppose  that  B  is  fixed  relatively  to  A;  that  is  to  say, 
that  it  simply  turns  along  with  A,  having  the  same  angular 
velocity;  or,  in  symbols,  that  b  =  a;  then  it  is  evident  that  C  must 
turn  along  with  A  also,  with  the  same  angular  velocity;  that  is  to 
say,  on  this  supposition,  we  have  c  =  a. 

Next,  let  B  have  a  different  angular  velocity  from  A;  then 
b  -  a  will  represent  the  angular  velocity  of  B  relatively  to  A. 

Determine,  from  the  construction  of  the  shifting  train,  the  ratio 
of  the  velocity  of  C  to  that  of  B,  as  if  the  train-arm  A  were  fixed; 
and  denote  that  ratio  by  n ;  taking  care  to  mark  the  value  of  n  as 
positive  or  negative,  according  as  the  rotations  of  B  and  C  ttra  \ol 
similar  or  contrary  directions.     That  ratio  will  also  \>fc  fofc  xa&v> 


Fig.  175. 


244  GEOMETRY  OF  MACHINERY. 

which  the  angular  velocity  of  C  relatively  to  A  bears  to  the  angu- 
lar velocity  of  B  relatively  to  A,  when  the  train-arm  A  is  in 
motion ;  that  is  to  say,  in  symbols, 

c  ""  a  /I  X 

F^  =  n> <L> 

and  this  is  the  general  equation  of  (lie  action  of  an  epicyclic 
train. 

Two  particular  cases  may  be  distinguished,  according  as  the 
wheel  C  or  the  train-arm  A  is  the  follower  in  the  combina- 
tion. 

Case  I. — The  wheel  B  and  the  train-arm  A  are  driven  by  means 
of  diverging  trains,  with  angular  velocities  proportional  to  given 
numbers,  b  and  a ;  then  the  proportionate  angular  velocity  of  C  is 
given  by  the  following  formula : — 

c  =  n(b  —  a)  +  a  =  nb+(l-n)  a (2.) 

Case  II. — The  primary  wheels  B  and  C  are  driven  by  means  of 
diverging  trains  with  angular  velocities  proportional  to  given 
numbers,  6  and  c;  theu  the  proportionate  angular  velocity  of  the 
train-arm  a  is  given  by  the  following  formula : — 


(3.) 


In  some  examples  of  both  cases  one  of  the  primary  wheels  is  fixed. 
Let  B  be  that  wheel ;  then  6  =  0;  and  we  have 

-  =  1  -ii (4.) 

a  v    ' 

One  of  the  uses  of  epicyclic  trains  is  to  obtain  with  precision 
velocity-ratios  in  toothed  wheel-work  which  are  expressed  by 
numbers  whose  factors  are  too  large  to  be  suitable  for  the  teeth 

of  wheels.     For  example,  7  may  be  such  a  ratio ;  and  it  may  be 

/• 
possible  to  divide  ,  into  two  parts,  as  expressed  by  the  follow- 
ing formula : — 

c  /i       \ a 

5-»  +  <l-n)g; 

such  that  each  of  those  parts  is  expressed  by  numbers  whose  factors 
are  not  too  large;  and  then,  by  using  a  train-arm  with  the  velocity- 
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= 

c  - 
1 

-  nb 

—  n 
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ratio  j,  and  a  shifting  train  with  the  velocity-ratio  n,  the  required 


Another  use  of  epicyclic  trains  is  to  make  the  train-arm  more, 
for  purposes  of  regulation  (as  in  certain  governors),  with  » 
Telocity  proportional  to  the  difference  between  the  velocities  of 
the  primary  wheels  B  and  C.  This  is  best  effected  by  causing  the 
primary  wheels  B  and  C  to  rotate  in  contrary  directions,  and  to 
connect  them  by  means  of  a  shifting  train  such  that,  when  the 
train-arm  is  at  rest,  the  angular  velocities  of  those  wheels  are 
equal  and  opposite.  This  amounts  to  making  n  =  —  1  in  equation 
3,  and  e  =  a  negative  quantity,  say  —  k;  and  then  the  expression 
for  the  angular  velocity  of  the  train-arm  becomes 


For  example,  in  Pig.  176,  0  is  a  vertical  spindle,  about  which  the 
equal  and  similar  bevel  wheels  B 
aud  C  turn  in  opposite  directions. 
A  is  the  train-arm,  being  a  hori-  - 
zoutal   spindle   carried  hy  a  collar 
which    turns    about    the    vertical 
spindle.    The  shifting  train  consists 
of  a  bevel  wheel  turning  about  the 
spindle  A,  end   gearing  with   tho 
wheels  B  and  C.     In  order  to  pro- 
duce a  balance  of  forces,  two,  and  Fig.  170. 
sometimes  three  or  four,  equal  and 

similar  horizontal  spindles  like  A  project  from  the  collar,  and  carry 
equal  and  similar  bevel  wheels.  In  the  figure  two  are  shown.  The 
result  is,  that  when  the  wheels  B  and  C  turn  in  opposite  directions 
with  equal  speed,  the  train-arm  stands  still ;  but  when  the  velocities 
of  those  wheels  become  unequal,  the  train-arm  turns  in  the  direction 

*  The  solution  of  this  problem  is  to  be  obtained  in  any  particular  case  by 
a  series  of  trials  conducted  generally  in  the  following  manner :  —Let  n  be  an 
approximation  to  the  ratio  . ,  not  containing  factors  exceeding  what  is  con- 
sidered a  convenient  limit  {values  of  n  may  be  found  by  the  method  of 
continued  fractions.  Article  1 17,  page  107).  Then  make  a  =  -t— —  ;  «nd 
try  whether  the  ratio  ,-  contains  inconveniently  large  factors.  The  trial  is 
to  be  repeated  with  the  various  different  values  of  n,  until  a 
result  is  arrived  at.  This  method  cannot  fail,  provided  it  is  e  only, 
b,  which  contains  inconveniently  large  factors. 


ate 
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of  the  greater  of  the  two  velocities,  with  a  speed  equal  to  half  their 
difference.  Other  applications  of  epicyclic  trains,  where  the  last 
follower  is  a  secondary  piece,  will  be  mentioned  under  the  head  of 
aggregate  paths. 

Section  III. — Production  of  varying  Aggregate  Velocity-Ratios. 

235.  The  Reciprocating  Smiieta  Screw  may  be  used  where  it  is 
desired  that  there  shall  be  periodic  fluctuations  in  the  ratio  of  the 
speed  of  the  follower  to  that  of  the  driver.  In  this  combination  a 
wheel  is  driven  by  a  rotating  screw,  as  in  fig.  112,  page  164,  which 
screw  has  at  the  same  time  a  reciprocating  motion  along  its  axis. 

236.  Bpicfclic  Train*  with  Periodic  Action  are  used  for  the  same 
purpose.  This  is  effected  by  communicating,  by  means  of  suitable 
mechanism,  such  as  a  cam,  or  a  crank  and  liuk,  the  required 
reciprocating  motion  to  the  train-arm  A,  fig.  175,  page  243.  The 
angular  velocity  of  the  follower,  C,  is  expressed,  as  in  Article  234, 
by 

c  =  n  b  +  (1  —  n)  a; 

in  which  n  b  is  a  constant  term,  and  (1  —  n)  a  a  periodically 
varying  term ;  the  factor  1  —  n  being  constant,  and  the  factor  a 
periodic. 

236  a. — The  flnn*and-Pinnct  motion  is  a  sort  of  epicyclic  train 
with  periodic  action.      In  fig.  177,  C  is  a  shaft  which  overhangs 
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called  the  aun-wlied.  This  gears  with  another  toothed  wheel,  D  E, 
called  the  planet-u>hed,  which  is  made  fast  to  the  connecting-rod 
D  B,  which  hangs  from  one  end  of  the  lever  or  walking-beam, 
A  B.  At  the  centre,  D,  of  the  wheel  D  E  is  a  pin  which  is  con- 
nected with  the  shaft  C  by  a  link  or  bridle,  C  D  (shown  by 
dotted  lines);  so  that  it  revolves  round  the  axis  of  C  like  a 
crank-pin,  making  one  revolution  for  each  double-stroke  of  the 
beam  A  B. 

In  the  first  place,  to  determine  the  mean  ratio  of  the  linear 
velocity  of  the  pin  D  to  that  of  the  pitch-circle  of  the  sun-wheel, 
C  E,  it  is  to  be  observed  that  the  latter  velocity  is  at  every  instant 
equal  to  that  of  the  pitch-point  E  in  the  plauet-wheel.  Now,  tho 
motion  of  the  planet-wheel  is  one  of  translation  in  a  circle  along 
with  the  pin  D,  compounded  with  an  angular  oscillation  to  and  fro 
along  with  the  rod  D  B.  Hence  the  mean  linear  velocity  of  D  ib 
equal  to  that  of  the  pitch-circle  of  C  E. 

Secondly,  as  to  the  mean  ratio  of  the  angular  velocity  of  the  bridle 
C  D  to  that  of  the  sun-wheel  C  E,  it  is  obvious  that  as  the  mean 
linear  velocities  of  D,  and  of  the  pitch-circle  of  C  E,  are  equal,  their 
mean  angular  velocities  are  inversely  as  the  radii  C  E  and  CD;  or 
in  symbols — 

mean  angular  velocity  of  C  D       C  E 
mean  angular  velocity  of  C  E  "CD* 

In  the  sun-and-planet  motion,  as  originally  contrived  and  con- 
structed by  Watt,  the  sun -wheel  and  planet-wheel  were  made  of 
equal  radii;  so  that  C  D  was  =  2  C  E;  and  the  sun-wheel  made 
two  turns  for  each  revolution  of  the  planet- wheel  round  it. 

Thirdly,  as  to  the  ratio  of  the  linear  velocities  of  the  points  D 
and  E  at  any  instant ;  this  is  to  be  found  by  producing  D  C  till  it 
cuts  A  B  in  I,  which  will  be  the  instantaneous  axis  of  the  planet- 
wheel;  and  then  taking  the  proportion, 

velocitv  of  D       ID 

^ . • 

velocity  of  E  "  I  E 

The  mean  value  of  this  ratio  is  unity,  as  already  stated.  It  attains 
its  greatest  and  least  values  in  the  two  positions  of  the  combination 
when  B  D  and  C  D  are  in  one  straight  line,  so  that  I  coincides 
with  B;  and  then  its  values  arc  respectively 

BD  BD 

and 


BD-DE  BD  +  DE 

237.  Eccentric  Gearing. — This  is  a  combination  for  producing  a 
periodically  varying  velocity-ratio  by  means  of  a  tr&Va  o£  £\y?,\j\»x 
wheel*,  one  of  which   turns  eccentrically   about  an  k%!\&.    \^  Sa 
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nearly,  but  not  exactly,  equivalent  in  its  action  to  a  pair  of  elliptic 
toothed  wheels  (Article  100,  page  95).  In  fig.  178,  A  is  the  axis 
of  a  shaft,  which  carries  an  eccentric  circular  toothed  wheeL    This 


Fig.  178. 

gears  with  a  second  toothed  wheel,  centred  on  a  moveable  axis,  C, 
which  gears  with  a  third  toothed  wheel,  centred  on  a  fixed  axis,  D. 
The  centres  of  the  three  wheels  are  linked  together  by  the  two 
train-arms  B  C,  C  D;  so  that  the  wheels  are  kept  always  in 
gearing,  while  the  centre  pin  B  revolves  round  the  axis  A.  Sup* 
pose  the  wheels  on  B  and  D  to  be  of  equal  size.  Then,  if  the  train- 
arms  were  fixed,  the  rotation  of  the  first  wheel  about  B  would 
produce  a  rotation  of  the  third  wheel  about  D,  with  equal  speed 
and  in  the  same  direction.  The  effect  of  the  revolving  of  B  about 
A  is  to  combine  that  rotation  of  D  with  an  alternate  increase  and 
diminution  of  speed,  corresponding  to  the  alternate  diminution  and 
increase  of  the  angle  BCD.  The  greatest  and  least  values  of  the 
velocity-ratio  take  place  when  the  line  of  connection,  C  B,  touches 
the  two  sides  of  the  circle  described  by  B  about  A ;  that  is  to  say, 
when  that  line  is  in  the  two  positions  marked  C  B  I  and  C  J  K 
respectively.  Let  I  and  J  be  the  points  where  C  B  cuts  the  line 
of  centres,  D  A,  when  in  those  positions ;  then  the  two  correspond- 
ing values  of  the  velocity-ratio  of  D  to  A  are  respectively 

.      AI       , _       A J 
1  +  B1  and  1  -  g-j. 

238.  Aggregate  Uakwark  !■  General. — A  combination  in  aggre- 
gate linkwovk  is  usually  of  the  following  kind : — A  bar,  or  other 
rigid  body,  capable  of  moving  parallel  to  a  given  plane,  has  two  of 
its  points  connected  by  means  of  rods  with  two  drivers: — A  third 
point  ia  connected  by  means  of  a  rod  with  a  follower.     The  motions. 
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of  the  first  two  points,  as  compared  with  those  of  their  drivers,  are 
determined  by  the  principles  of  elementary  combinations  in  link- 
work,  and  so  also  is  the  motion  of  the  follower,  as  compared  with 
that  of  the  third  point;  but  the  determination  of  the  motion  of  the 
third  point  from  that  of  the  first  two  is  a  problem  to  be  solved  by 
the  principles  of  the  motion  of  secondary  pieces,  Article  69,  pages 
45  to  48 ;  that  is,  by  the  process  of  finding  the  instantaneous  axis, 
or  by  some  equivalent  process. 

In  most  of  the  particular  cases  of  aggregate  velocities  obtained 
by  linkwork  which  occur  in  practice,  the  three  points  in  the  bar 
are  either  situated  in  one  straight  line  to  which  their  motions  are 
perpendicular,  or  are  so  nearly  in  that  position  that  their  com- 
parative motions,  as  determined  on  the  supposition  of  their  being 
in  it  exactly,  are  sufficiently  near  to  the  truth  for  practical 
purposes.     In  such  cases  let  A  and  B,  figs.  179  and  180,  be  tho 


ii 


T    A 


C 


e 


Fig.  179. 


i 


-~-"'c 


Fig  180. 


two  points  whose  velocities  at  a  given  instant  are  given,  and  O 
the  third  point.  Draw  A  a  and  B  b  perpendicular  to  A  B,  and  of 
lengths  proportional  to  the  giveii  velocities,  and  in  the  proper 
direction;  join  a  b;  draw  C  c  also  perpendicular  to  A  B,  cutting 
a  b  in  c;  Q  c  will  represent  tho  velocity  of  C.  The  following 
formula  is  the  symbolical  expression  of  the  same  rule,  in  which 
a,  6,  and  c  denote  the  velocities  of  A,  B,  and  C  respectively : — 


a 


c  = 


BC  +  J-CA 


AB 


The  formula,  as  it  stands,  is  applicable  to  the  case  in  which  C  lies 
between  A  and  B,  the  velocities  a,  6,  and  c  being  treated  as  posi- 
tive or  negative  according  to  their  directions.  When  C  lies 
beyond  B,  B  C  is  to  be  treated  as  negative,  and  C  A  as  positive ; 
when  beyond  A,  C  A  is  to  be  treated  as  negative,  and  B  C  as 
positive. 

The  velocity  of  C  may  be  regarded  as  the  resultant  of  two  com- 
ponents,     A  t»  >  which  would  be  its  velocity  if  B  were  fixed;  and 

b '  C  A 

— — — ,  which  would  be  its  velocity  if  A  were  fixed. 

Trains  of  aggregate  linkwork   may  be  used  to  coxxOav&fc  tok^ 
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number  of  component  motions.     For  example,  in  fig.  181,  A,  B,  D, 
and  E  receive  motion  from  four  different  drivers :  C  has  a  motion. 

whose    components   depend 

k t 


i 


Fig.  181. 


on  the  motions  of  A  and  B, 
f  and  F  a  motion  whose  com- 
ponents depend  on  the  mo- 
tions of  D  and  £;  and  G  has 
a  motion  whose  components 
depend  on  the  motions  of 
0  and  F,  and  therefore  on 


the  motions  of  A,  B,  B,  and  E,  jointly. 

239.    Harmonic   Motion   In   Aggregate   IJnkwork.— By   harmonic 

motion  is  to  be  understood  the  motion  of  a  point  which  moves  to 
and  fro  in  a  straight  line  in  such  a  maimer  that  its  velocity  at  every 
instant  is  equal  to  the  component,  parallel  to  that  straight  line,  of 
another  point  which  revolves  uniformly  in  a  circle.  The  length  of 
the  straight  line  is  called  the  travel  of  the  reciprocating  point,  and  is 
equal  to  the  diameter  of  the  circle.  (As  to  the  component  velocities 
of  a  revolving  point,  see  Article  55,  pages  34,  35.) 

Harmonic  motion  is  exactly  realized  by  any  point  in  a  slot- 
headed  sliding  rod,  driven  by  an  uniformly  rotating  crank,  as 
explained  in  Article  159,  page  169.  The  angle  which  the  crank 
makes  with  its  dead  points  is  called,  in  mathematical  language,  the 
])hase  of  the  motion.  The  velocity  of  the  reciprocating  point  varies 
proportionally  to  the  sine  of  tJte  phase;  and  the  distance  of  that 
point  from  its  middle  position  varies  as  the  cosine  of  the  phase. 

Harmonic  motion  is  approximately  realized  by  any  point  in  a 
piece,  such  as  a  piston,  which  is  driven  by  means  of  a  connecting- 
rod  and  an  uniformly  rotating  crank.  The  extent  of  error  in  that 
approximation  may  be  expressed  either  in  the  form  of  greatest  error 
in  position  or  of  greatest  error  in  velocity.  The  greatest  error  in 
position  is  the  distance  of  the  reciprocating  point  from  the  middle 
of  its  travel,  when  the  crank  is  midway  between  its  dead  points ; 
and  when  the  lino  of  stroke  passes  through  the  axis  of  the  crank, 
its  value  may  be  found  either  by  constructing  a  figure,  or  by  the 


following  formula : — 


J-  jir= 


in  which  I  denotes  the  length  of  the  line  of  connection,  and  c  that 
of  the  crank-arm.  The  comparative  error  in  position  is  the  ratio  of 
this  error  to  the  half- travel  c;  that  is  to  say, 


I 


e       V    c2 


i; 


which,  when  I  is  many  times  greater  than  c,  is  nearly  equal  to 
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try    The  greatest  error  in  velocity  is  the  proportionate  excess  of 

the  greatest  velocity  of  the  reciprocating  piece  above  that  of  the 
crank-pin,  as  found  by  the  rules  of  Article  188,  pages  199  to  201. 
When  I  is  not  less  than  2  c,  the  value  of  the  error  in  velocity  is 
given  approximately  by  the  expression 


v 


e2 


c2 
or  Yjv  nearly. 

When  the  line  of  stroke  does  not  pass  through  the  axis  of  rota- 
tion of  the  crank,  there  are  other  errors  arising  from  the  two  dead 
points  not  being  diametrically  opposite.  Those  errors  may  be  found 
by  applying  the  rules  of  Article  196,  page  198. 

The  present  and  the  following  Article  relate  to  cases  in  which 
two  points  in  a  bar  receive  given  transverse  movements,  which  are 
either  exactly  harmonic,  or  so  nearly  so  that  they  may  be  treated 
as  harmonic  for  practical  purposes,  and  are  also  of  equal'  period, 
and  have  a  given  constant  difference  of  phase;  and  it  is  required  to 
find  the  extent  of  travel  and  the  relative  phase  of  the  motion  of  a 
third  point,  situated  either  exactly  or  nearly  in  one  straight  line 
with  the  fi  rat  two. 

The  following  is  the  general  rule  for  the  solution  of  all 
such  cases.  Some  of  its  applications  will  be  given  in  the  next 
Article: — 

Rule. — In  fig.  182  draw  the  straight  lino  A  B  to  represent  the 
bar  in  question,  and  let  A  and  B  represent  the  points  whose  motions 
are  given,  and  C  the  point  whose  motion  is  to  be  found.  Perpen- 
dicular to  A  B,  draw  A  a  to  represent  the  half-travel  of  A,  and  B  b 
to  represent  the  half-travel  of  B.  These  distances  may  be  laid  off  in 
both  directions,  so  that  a  a  shall  represent  the  whole  travel  of  A, 
and  b  b  that  of  B.  The  difference  of  phase  of  A  and  B  is  supposed 
to  be  given;  that  is  to  say,  A  moves  as  if  driven  by  a  crank  A'  A* 
(=Ao),  and  B  as  if  driven  by  a  crank  FB"(=  B  6),  which  cranks 
rotate  with  the  same  angular  velocity,  and  make  a  given  constant 
angle  with  each  other. 

At  A  and  B  lay  off  the  angles  B  A  D  =  A  B  D,  each  equal  to 
half  the  difference  of  phase ;  and  about  the  triangle  ADB  describe 
a  circle.  Join  a  6,  a  6,  and  through  the  point  of  intersection,  E, 
draw  the  straight  line  D  E,  cutting  the  circle  in  F.  Join  F  A, 
F  B;  then  the  angle  A  F  B  will  be  equal  to  the  given  difference  of 
phase.  Lay  off  Fa'  =  Aa,andF6'  =  B  6 ;  then  F  a' and  F  6' will 
represent  the  two  cranks  which  actually  or  virtually  drive  A  and 
B,  in  their  angular  position  relatively  to  each  other.  Join  a  b' ; 
this  will  be  parallel  to  A  B  (because  it  can  be  *W*m  V3  ^taufe 
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geometry  that  FAB  and  F  a'  If  are  similar  triangles).     Finally, 
draw  the  straight  line  F  C,  catting  a'  b'  in  </;  then  the  point  C  will 


Fig.  182. 

move  almost  exactly  as  if  it  were  driven  by  a  crank-arm,  C  0', 
equal  in  length  to  F  c\  and  having  the  angular  position  relatively 
to  the  cranks  that  drive  A  and  B  which  F  c  has  relatively  to  F  a' 
and  F  b*\  that  is  to  say,  being  in  advance  of  the  crank  which  drives 
A  by  the  angle  a'  F  c,  and  behind  the  crank  which  drives  B  by 
the  angle  b'  F  c\ 
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The  travel  of  C  may  be  represented  in  the  figure  by  drawing, 
perpendicular  to  A  B,  the  straight  line  c  c  =  2  C  c  =  2  F  c . 

When  the  extent  of  travel  of  A  and  B  is  the  same,  part  of  tho 
trouble  of  the  construction  is  saved;  for  the  point  F  is  found 
simply  by  laying  off  the  angles  B  A  F  =  A  B  F,  each  equal  to 
half  the  supplement  of  the  difference  of  phase. 

The  construction  which  has  been  described  solves  the  problem 
by  drawing  alone.  Sometimes  it  may  be  convenient  to  use  calcu- 
lation combined  with  drawing;  and  then  the  whole  process  consists 
in  drawing  the  triangle  F  d  bf  in  any  convenient  position,  with  its 
legs,  F  a'  and  F  6',  equal  to  the  half-travel  of  the  points  A  and  B 
respectively,  and  its  angle,  a  F  &',  equal  to  the  difference  of  phase 
of  their  motions,  and  dividing,  by  calculation,  the  base  a'  b'  at  c  in 
the  same  proportion  in  which  A  B  is  divided  at  0. 

240.  Unk- motion*  for  Slide-Valves  belong  to  the  kind  of  com- 
binations mentioned  in  the  preceding  Article.  The  bar  which 
receives  harmonic  motion  is  called  the  link;  it  is  in  general  slightly 
curved,  and  only  sometimes  straight.  Two  points  in  it,  marked 
A  and  B  in  figs.  183  to  186,  receive  approximately-harmonic 
motions  from  two  eccentrics,  E  and  F,  on  the  engine-shaft,  O,  called 
respectively  the  forward  and  the  backward  eccentrics.  The  link 
carries  a  slider,  C.  That  slider  is  attached  to  the  head  of  the  slide- 
valve  spindle  either  directly  (as  shown  at  C  in  figs.  183,  184,  aud 
185),  or  by  means  of  an  intermediate  rod,  C  X  (as  in  figs.  186, 
1 87).  The  slider  is  capable  of  being  adjusted  to  different  positions  in 
the  link,  either  by  shifting  the  link  (as  in  figs.  183,  184,  and 
185,  which  represent  Stephenson's  link-motion)  or  by  shifting  the 
slider  (as  in  fig.  186,  which  represents  Gooch's  link-motion),  or  by 
shifting  the  link  and  the  slider  at  the  same  time  in  opposite 
directions  (as  in  Allan's  link-motion,  represented  in  fig.  187).  In 
Stephenson's  link-motion  the  form  of  the  link  is  an  arc  of  a  circle, 
concave  towards  the  shaft,  and  of  a  radius  equal  to  the  length  of 
the  eccentric  rods  E  A,  F  B.  In  Gooch's  link-motion  the  figure 
of  the  link  is  an  arc  of  a  circle  described  about  the  head,  X,  of  the 
valve-spindle.  In  Allan's  link-motion  the  link  is  straight,  and  the 
adjustment  of  the  proportions  of  the  mechanism  for  shifting  it  will 
be  described  presently.  In  each  case  the  object  is,  that  the  shifting 
of  the  position  of  the  slider,  0,  relatively  to  the  link,  A  B,  shall 
not  cause  any  sensible  alteration  of  the  middle  position  of  the 
slide-valve.  In  each  of  the  figures,  O  D  represents  the  crank  of 
the  engine  to  which  the  link-motion  belongs,  the  positions  of  the 
parts  being  those  which  they  take  when  that  crank  is  at  a  dead- 
point 

In  each  of  the  figures,  also,  the  eccentrics  are  represented  simply 
by  points,  E,  F,  which  mark  the  centres  of  the  eccentric  discs. 
It  has  already  been  explained,  in  Article  195,  pagfc  WI ,  \\\*X.  vgl 
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eccentric  is  equivalent  to  a  crank  whose  arm  coincides  with  the 
eccentricity;  that  ia,  the  distance  from  the  axis  of  rotation  to  ths 
centre  of  figure  of  the  disc 


The  general  problem  iu  qnestioDS  as  to  the  action  of  link-motions 
is  thia :  the  dimensions  of  the  porta  being  given,  and  the  angles 
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made  by  the  eccentric-arms  OE,  OF,  "with  the  crank  O  D ;  also 
the  position  of  the  slider  C  in  the  link  A  B;  to  find  the  length 
and  positions  of  what  may  be  called  the  single  virtual  eccentric-arm 
O  g;  that  is  to  say,  the  arm  of  a  single  eccentric,  which,  if  con- 
nected with  the  valve-spindle  by  a  rod  marked  g  C  in  figs.  183 
and  184,  and  g  c  in  figs.  186  and  187,  would  produce,  approxi- 
mately, the  same  motion  of  the  valve-spindle  that  the  actual 
mechanism  produces. 

The  solution  of  that  problem  consists  generally  of  two  steps; 
the  first  being  to  find  the  two  virtual  eccentric  arms,  O  ef  Of 
which,  on  the  supposition  of  the  eccentric  rods,  E  A,  F  B,  being 
indefinitely  long,  or  of  slotted  cross-heads  being  used  instead  of 
eccentric  rods,  would  be  equivalent  in  their  action  to  the  actual 
eccentrics  with  their  oblique  rods;  and  the  second  step  being  to 
find  the  single  virtual  eccentric  arm,  O  g,  whose  action  is  equivalent 
to  the  combined  action  of  those  two,  .on  the  same  supposition  of  an 
indefinite  length  of  rod  or  a  slotted  cross-head  being  used. 

There  are  two  different  arrangements  of  the  eccentric  rods,  which 
are  said  to  be  crossed  or  open  according  as  they  cross  each  other  or 
not  when  the  crank  O  D  is  pointing  away  from  the  cylinder.  In 
figs.  183  and  186  the  rods  are  open;  in  figs.  184  and  187  they  are 
crossed.     The  two  following  rules  apply  to  either  arrangement :  — 

I.  To  find  the  virtual  forward  and  backward  eccentric  arms. 
Through  A  and  B  draw  straight  lines  parallel  to  the  line  of  stroke, 
O  X,  of  the  valve-spindle,  and  mark  on  those  straight  lines  the 
ends  of  the  travel  of  the  points  A  and  B  respectively,  a',  a,  and 
b\  U.  These  points  are  to  be  found  by  Rule  I.  of  Article  186, 
page  198.  Bisect  a'  a'  in  a,  and  b'  b'  in  6.  Join  O  a  and  0  6; 
these  straight  lines  will  pass  nearly,  though  not  exactly,  through 
the  dead-points  of  the  eccentrics  E  and  F  respectively.  Lay  off 
the  angles  X  O  e  =  a  O  E  and  X  O  f  =  6  O  F,  and  make 
O  e  =  a  a'  and  Of  =  b  V.  Then  O  e  and  O  /  will  be  the  required 
virtual  forward  and  backward  eccentric  arms. 

II.  To  find  the  single  virtual  eccentric  arm.  Draw  the  straight 
line  ef,  and  in  it  take  the  point  g,  dividing  efiu.  the  same  pro- 
portion in  which  the  slider  C  divides  A  B.  O  g  will  be  the 
required  virtual  single  eccentric  arm. 

The  preceding  rules  are  applicable  to  all  the  three  constructions 
of  link-motion.  But  for  each  particular  construction  there  are 
sj>ecial  rules  by  which  the  process  may  be  simplified,  to  the  extent 
of  dispensing  with  the  whole  or  part  of  the  detailed  process,  except 
for  certain  principal  positions  of  the  slider  in  the  link. 

III.  In  GoutKs  Link-Motion  (fig.  186)  the  link  is  hung  or  attached 
to  a  fixed  pin  by  means  of  the  rod  L  J,  and  the  alteration  of  the 
position  of  the  slider  C  in  it  is  effected  by  shifting  a  lever  (not 
shown),  one  end  of  which  is  connected,  by  means  o£  \tafc  to^.^  ^, 
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with  the  valve-rod  C  X.  The  result  is  that  the  virtual  forward 
and  backward  eccentric  arms  O  e  and  O  f  are  the  same  for  all 
positions  of  the  slider  in  the  link,  and  have  only  to  be  found  once 
for  all.  The  figure  shows  this  motion  with  open  eccentric-rods; 
and  the  angle  e  Of  =EOF-  aOb;  but  it  is  also  made  with 
crossed  eccentric-rods,  and  then  the  angle  eOf  =  EOF  +  a  Ob. 

IV.  In  Stephenson's  Link- Motion  (figs.  183,  184)  the  link  is 
Attached  by  the  rod  J  L  to  the  end  of  a  lever  (not  shown) ;  and  by 
shifting  that  lever  the  position  of  the  link  relatively  to  the  slider 
is  changed  when  required.  The  consequence  is  that  the  virtual 
eccentric  arms  O  e  and  O  /  are  different  in  length  and  position  for 
every  different  position  of  the  slider  in  the  link;  and  the  application 
of  the  general  Rules  I.  and  II.  to  a  variety  of  such  positions  becomes 
a  tedious  process.  The  time  and  labour,  however,  required  for 
that  process  are  to  a  great  extent  saved  by  using  the  following 
Approximate  method,  which  is  sufficiently  accurate  for  practical 
purposes : — When  the  link-motion  is  in  full  forward  gear — that  is, 
when  C  coincides  with  A — the  actual  forward  eccentric  arm  O  E  is 
itself  the  virtual  eccentric  arm.  When  the  link-motion  is  in  full 
backward  gear— *that  is,  when  C  coincides  with  B — the  actual 
backward  eccentric  arm  O  F  is  itself  the  virtual  eccentric  arm. 
For  intermediate  positions  proceed  as  follows  (see  fig.  185) : — Draw 
the  link  A  B  in  that  position  in  which  the  straight  line  A  B  is 
parallel  to  the  straight  line  E  F,  and  let  H  be  the  centre  of 
curvature  of  the  link  when  in  that  position ;  its  radius,  H  A  =  H  B, 
being  equal  to  the  length  of  each  of  the  eccentric-rods  E  A,  F  B. 
Then,  iftJte  eccentric-rods  are  open,  draw  E  K  parallel  to  A  H,  and 
F  K  parallel  to  B  H,  cutting  each  other  in  K;  and  through  the 
three  points  E,  F,  K  describe  a  circle ;  the  arc  E  g  F  of  that  circle  will 
be  a  very  close  approximation  to  the  curve  that  contains  the  ends 
of  all  the  virtual  single  eccentric  radii.  For  a  given  position,  C,  of 
the  slider,  take  the  point  g,  dividing  the  arc  E  F  in  the  same  pro- 
portion in  which  C  divides  A  B;  and  O  g  will  be  the  required 
virtual  eccentric  radius.  If  the  eccentric-rods  are  crossed,  draw  E  K' 
parallel  to  A'  H,  and  F  K'  parallel  to  B'  H,  cutting  each  other  in 
K/;  and  through  the  three  points  E,  F,  K'  describe  a  circle.  The  arc 
E  g*  F  of  that  circle  will  be  a  very  close  approximation  to  the  curve 
containing  the  ends  of  all  the  virtual  single  eccentric  radii.  In  this 
arc  take  the  point  </',  dividing  it  in  the  same  proportion  in  which  C 
divides  the  link ;  and  O  g'  will  be  the  required  virtual  eccentric  radius. 

V.  Allan's  Link-Motion — Centre  of  the  Shifting-Lever. — In  Allan's 
link-motion  (fig.  187)  the  middle  point,  J,  of  the  link,  and  any 
convenient  point,  M,  in  the  valve-rod  C  X,  are  attached  by  rods 
to  the  two  ends  of  a  lever,  N  L,  which  turns  about  an  axis  at  P; 
And  the  position  of  the  slider  0  in  the  link  A  B  is  adjusted  by 
moving  the  handle  P  Q,      In  order  that  the  motion  t&vj  \*<y£fc. 
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correctly,  the  centre  of  the  shifting- lever  must  be  properly  placed; 
and  the  following  is  the  rule  for  finding  its  position; — In  fig.  188, 
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draw  the  isosceles  triangle  O  A  B,  in  which  A  B  is  the  length  of 
the  link,  and  0  A  and  O  B  are  each  equal  to  the  length  of  an 
eccentrie-rod.  About  O 
draw  a  circular  arc  through 
A  and  B.  Bisect  the 
straight  line  A  B  in  J; 
join  O  J,  and  produce  it, 
making  J  X  equal  to  the 
length  of  the  valve-rod; 
and  mark,  in  J  X,  the 
position  of  the  point  M.  to 
which  the  rod  M  N  is  to  - 
be  attached.  About  X, 
with  the  radius  X  J, 
draw  a  circular  arc,  J  B', 
cutting  the  arc  through 
A  and  B  in  B'.  Make 
B'  A'  =  B  A,  and  O  A'  = 
O  A ;  join  B'  A',  and  bisect 
it  in  J'.  Also  join  X  Bj 
andinittakeXM'  =  XM. 
Then  M  M'  and  J  J'  will 
be  the  distances  through 
which  M  and  J  are  respec- 
tively to  be  shifted  in  order 
to  shift  the  slider  C  from 
mid-ge;ir  to  full  gear — that 
is,  from  J  to  B,  or  to  A,  as 
the  case  may  be.  Draw 
the  straight  line  M'  J',  cut- 
ting M  J  in  B,  and  through 
R  draw  R  P  perpendicular  to  O  X;  ther 
lever  is  to  be  placed  at  a  convenient  point 

VI.  Allan's  Link- Motion — Virtual  Eccentric  Arm. — By  the  ap- 
plication of  the  general  Rules  I.  and  II.,  find  the 

virtual  eccentric  arras  in  full  forward  gear,  0  e;  in  t £. 

full  backward  gear,  Of;  and  in  mid-gear,  0  g ;  and 

draw  them  in  a  diagram,  as  in  fig.  189.     Then 

through  the  points  e,  g,  and  /draw  a  circular  arc; 

this  will  be  approximately  the  curve  containing  the 

ends  of  all  the  virtual  eccentric  arms  for  different   positions  of 

the  slider;  and  it  is  to  be  used  like  the  corresponding  curve  for 

Stephenson's  link-motion.     If  the  rods  are  open,  this  arc  will  be 

concave  towards  0,  as  e  g  f;  if  crossed,  convex,  as  eg f.* 
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It  is  to  be  remarked  that  in  order  to  show  distinctly  the 
principles  of  the  construction  of  the  figures  illustrating  this  article, 
all  those  dimensions  which  give  rise  to  errors — that  is,  to  deviations 
from  the  exact  law  of  harmonic  motion — are  exaggerated ;  such  as 
the  lengths  of  the  link  A  B,  and  of  the  eccentric-arms  O  £  and  O  F, 
as  compared  with  that  of  the  eccentric-rods  E  A  and  F  B.  In 
ordinary  practice  the  link  is  from  one-third  to  one-fifth,  and  each 
of  the  eccentric-arms  about  one-twentyfifth  of  the  length  of  an 

eccentric-rod;  and  the  effect  of  these  propor- 
tions is  to  make  the  deviation  of  the  resultant 
motion  of  the  slide-valve  from  true  harmonic 
motion  practically  inappreciable.  (See  p.  582.) 

241.    Differential    Harmonic    Motion*. — Two 

primary  pieces,  having  different  motions,  may 
be  regarded  as  constituting  an  aggregate  com- 
bination with  respect  to  the  motion  of  one  of 
them  relatively  to    the    other;   because    that 
motion  is  the  resultant  of  two  components: 
for  example,  if  A  be  taken  to  denote  the  frame, 
and  B  and  C  the  two  primary  pieces,  the  motion 
of  C  relatively  to  B  is  the  resultant   of  the 
motion  of  B  relatively  to  A,  and  of  a  motion 
equal  and  contrary  to  the  motion  of  B  relatively 
to  A     This  principle  has  been  already  stated 
in  Article  42,  page  21      The  followiug  is  one 
of  its  most  frequent  applications: — In  lag.  190, 
let  b  and  c  be  two  pieces  which  have  approxi- 
mately harmonic  motions  in  parallel  directions 
and  of  equal   periodic   time,  but  differing  in 
phase,  given  to  them  respectively  by  two  cranks 
or  eccentric-arms,  A  B  and  A  C,  which  turn  as 
one  piece  with  the  same  angular  velocity  about 
axis  A,  the  angle  B  A  C  being  the  difference 
of  phase.     Then  the  motion  of  the  slide  c  re- 
latively to  the  slide  b  is  approximately  the  same 
with  that  which  would  be  produced  by  a  crank 
,%    or  eccentric-arm,  B  C,  turning  with  the  same 
\  angular  velocity;   that  is  to  say,  it  is  an  ap- 
;  proximately    harmonic    motion    of    the    same 
J  periodic  time  with  the  two  elementary  motions 
/  of  B  and  C ;  its  half-travel  is  equal  to  B  C,  and 
'     its  phase  at  any  instant  is  that  corresponding  to 

^- '"        the  direction  of  B  C  at  that  instant  This  is  what 

Fig.  190.  may  be  called  a  differential  harmonic  motion ; 

and  upon  such  motions  depends  the  action  of 
douhle  slide- valves  and  moveable  slide-valve  seats  in  steam  engines. 
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Sectios  IV. — Production  ofCvrved  Aggregate  Pai/ts. 

242.  circular  A|(ninM  Paths. — Some  circular  aggregate  paths 
are  traced  by  means  of  mechanical  combinations,  which  are  capable 
also  of  tracing  ellipses,  if  required;  and  these  will  be  described 
farther  on.  The  present  Article  relates  to  combinations  in  which 
circular  paths  alone  are  traced. 

Amongst  snch  combinations  may  be  classed  the  coupling-rod 
shown  in  fig.  32,  Article  68,  page  44;  for  every  point  in  or  rigidly 
attached  to  that  rod  traces  a  circle  of  a  radius  equal  in  length  to 
the  crank-arms  by  which  the  rod  is  carried ;  and  the  same  takes 
place  in  every  case  in  which  a  secondary  piece  has  a  motion  of 
circular  translation  without  rotation.  For  example,  in  fig.  191,  A 
is  a  centre  pin,  carrying  a  fixed  spur-wheel — in  other  words,  a  spur- 
wheel  without  rotation.  About  the  axis  of  that  wheel  there  turns 
a  disc,  carrying  a  set  of  diverg- 
ing epicyclic  trains.  Each 
epicyclic  train  consists  of  a 
spur-wheel,  B,  gearing  with 
the  fixed  wheel  A,  and  an- 
other spur-wheel,  C,  gearing 
withB.  The  last  spur-wheel, 
C,  is  exactly  equal  in  radius 
and  in  number  of  teeth  to  I 
the  fixed  wheel  A ;  and  the 
consequence  is,  that  each  of 
the  wheels  marked  C  has  an 
angular  velocity  equal  to  that 
of  A — that  is  to  say,  equal  to 
nothing :  in  other  words,  when 
the  disc  rotates,  the  wheels 
marked  C  have  a  motion  of 
circular  translation   without 

rotation.  Let  £  be  any  point  in  one  of  the  wheels  C;  and  draw  A  D 
equal  and  parallel  to  C  £ ;  then  E  traces  a  circle  round  D,  exactly 
equal  to  the  circle  which  the  centre  C  of  the  wheel  to  which  E 
belongs  traces  round  A  at  the  same  time.  This  combination  is  used 
in  spinning  wire  ropes.  Each  of  the  wheels  C  carries  a  bobbin  from 
which  a  wire  or  a  strand  is  paid  out  as  the  spinning  goes  on ;  and 
the  effect  of  the  absence  of  rotation  in  the  wheels  0  is,  that  the 
wires  or  strands  are  spun  together  without  being  twisted,  which 
would  overstrain  the  material. 

The  combination  shown  in  fig.  192  serves  to  guide  a  point  C 
along  an  arc,  B  0  A,  of  a  circle  of  a  radius  so  great  that  it  would 
be  inconvenient  to  guide  the  point  C  by  connecting  it  iixeexYj  m*&i 
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the  centre  of  the  circle.  It  is  based  upon  this  well-known 
geometrical  principle : — Let  A  and  B  be  any  two  fixed  points  in  the 
circular  arc  to  be  traced;  then  the  two  chords  C  A,  C  B  make 

with  each  other  a  constant  angle  at  C — viz., 
the  supplement  of  one-half  of  the  angle  which 
the  arc  A  B  subtends  at  the  centre  of  the 
circle.  Two  rods  are  fastened  together  at  C, 
so  as  to  make  with  each  other  the  proper  con- 
I  stant  angle;  and  they  are  guided  by  passing 

(/  through  sockets  at  A  and  B,  which  sockets  are 

free  to  turn  about  A  and  B  respectively,  but 
not  to  move  otherwise.  Then,  when  the  rods 
are  made  to  slide  through  the  sockets,  the 
point  C  traces  the  required  circular  arc.  The 
angle  made  by  the  rods  with  each  other  may 
be  made  adjustable  by  means  of  a  screw  or 
otherwise,  so  as  to  vary  the  curvature  of  the 
arc  when  required. 

243.  Epitrochoidai  Paths. — An  epitrochoid  is 
the  curve  traced  by  a  point  in  or  rigidly  at- 
tached to  a  circle  which  rolls  either  inside  or 
outside  of  another  circle  (called  the  base-circle) ; 
also,  if  two  circles  (as  the  pitch-circles  of  two 
spur-wheels)  turn  in  rolling  contact  with  each 
other  about  fixed  axes,  a  point  rigidly  attached 
to  one  of  those  circles  traces  an  epitrochoid 
upon  a  disc  rigidly  attached  to  the  other. 

When  the  tracing-point  is  in  the  circum- 
ference of  the  rolling-circle,  the  curve  traced 
becomes  that  particular  kind  of  epitrochoid 
that  is  called  an  epicycloid.  The  properties 
\  of  this  curve  have  already  been  explained  in 
Article  78,  page  56,  with  a  view  to  its  adapta- 
tion to  the  figures  of  the  teeth  of  wheels. 

If  the  circumferences  of  the  rolling-circle  and 
of  the  base-circle  are  commensurable  with  each 
other,  the  epitrochoid  returns  into  itself,  and 
has  a  finite  number  of  lobes  or  coils — viz.,  the 
Pig.  192.  denominator  of  the  fraction  which,  being  in  its 

least  terms,  expresses  the  ratio  borne  by  the 
circumference  of  the  rolling-circle  to  that  of  the  base-circle.  If 
those  circumferences  are  incommensurable,  the  epitrochoid  does 
not  return  into  itself,  so  that  the  number  of  its  lobes  or  coils  is 
indefinite. 

When  the  rolling-circle  rolls  outside  a  base-circle  of  equal-radius, 
the  epitrochoid  is  one-lobed,  and  is  called  a  cardioid. 
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In  the  examples  shown  in  figs.  103, 194,  and  195  the  ratio  of 


Fig.  193. 
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the  rolling-circle  to  the  base-circle  is  -,  so  that  the  epitrochoids  are 

o 

three-lobed.  Each  6gure  shows  an  external  and  an  internal  epitro- 
choid,  traced  by  rolling  the  rolling-circle  outside  and  inside  the 
base-circle  respectively.  The  centres  of  the  base-circles  are  marked 
A ;  those  of  the  external  rolling-circles,  B ;  those  of  the  internal 
rolling- circles,  b;  and  the  tracing-points  of  the  external  and  in- 
ternal rolling-circles  are  marked  C  and  c  respectively. 

In  fig.  193  the  tracing-points  are  in  the  circumferences  of  the 
rolling-circles;  and  the  curves  traced  are  epicycloids,  distinguished 
by  having  cusps  at  the  points  where  the  tracing- point  coincides 
with  the  base-circle.  In  fig.  194  the  tracing-points  are  inside  the 
rolling-circles;  and  the  curves  traced  are  prolate  epilrochoids, 
distinguished  by  their  wave-like  form.     In  fig.  195  the  tracing- 


Fig:  195. 


points  are  outside  the  rolling-circles;  and  the  curves  traced  are 
curtate  epitrochoids,  distinguished  by  their  looped  form. 

An  important  property  of  curves  traced  by  rolling  has  already 
been  mentioned — viz.,  that  at  every  instant  the  straight  line 
joining  the  tracing-point  and  the  pitch-point,  or  point  of  contact  of 
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the  rolling- curve  and  base-curve,  is  normal  to  the  traced  curve  at 
the  tritcing-point. 

The  distance  B  C  or  b  c  may  in  each  case  be  called  the  tracing- 
la.  mechanism  for  the  tracing  of  epi trochoids  (nsed  chiefly  in 
ornamental  turning),  the  rolling  and  base-circles  are  the  pitch-circles 
of  a  pair  of  spur-wheels,  made  with  great  accuracy.  (See  page  290.) 
244.  Bailed  Paiiia  la  o«mi. — An  infinite  variety  of  curves 
may  be  traced  by  rolling  different  pairs  of  non-circular  curves  upon 
each  other.  lu  practice  it  is  most  convenient  to  limit  this  process 
to  pairs  of  non-circular  curves  which  are  capable  of  turning  in 
rolling  contact  about  fixed  parallel  axes;  that  is  to  Bay,  which  are 
suitable  for  the  pitch-lines  of  wheels,  according  to  the  principles 
explained  in  Article  107,  page  92.  Suppose  any  such  pair  of 
pitch-lines  to  turn  in  rolling  contact  with  each  other;  then  a  point 
rigidly  attached  to  one  of  them  (the  rolling-line)  will  trace  upon  a 
disc  rigidly  attached  to  the  other  (the  base-line)  a  third  curve;  at 
every  point  in  that  third  or  traced  curve  the  normal  will  be  the 
straight  line  traversing  the  tracing-point  and  the  pitch-point,  or 
point  of  contact  of  the  rolling-line  and  base-line.* 


*  The  following  role  gives  an  approximate  method  of  determining  the 
figures  of  a  rolling -curve-  and  base-curve  suited  for  tracing  one  lobo  of  a.  tlven 
curve,  B  C,  about  a  given  pole,  A  (nee  fig.  195  a);  the  term  pole  \*mj,-uiiB&ta 
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245.  El II |.U c  p.ib.  men)  br  Rollins  form  a  particular  case  of 
internal  epi trochoids.  In  fig.  196  is  represented  a  rolling-circle, 
which  rolls  inside  a  base-circle  of  exactly  twice  its  radius.     Then 


denote  the  trace  of  the  i 


Fig.  19S. 
s  of  the  base-wheel  upon  the  plane  of  the  given 


Let  A  B  and  A  C  be  the  greatest  and  least  distances  of  the  given  ci 
from  the  pole.     Make  the  line  of  centres  A  D  =  A  E  = ^ '• 


the  tracing-arm  D  B  =  C  E  = 


With  the  line  of  centres  A  D 


.a  radius,  draw  a  circle,  D  E ;  this  will  be  the  path  of  the  axis  of  the  rolline- 
jurve.  Take  a  series  of  points,  F, ,  F„  F„  fta,  in  the  curve  to  be  traced, 
and  from  each  of  them  lay  off,  to  the  circumference  of  the  circle,  D  E,  a 
dixUiice,  F  G,   eqosl  to  the  tracing-arm.-,   thus   finding  a  corresponding 
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(considering  a  quarter  of  a  revolution  at  a  time),  while  the  centre 
of  the  rolling-circle  traces  a  quadrant,  B  b,  of  an  equal  circle  about 
A,  a  point  D  in  the  circumference  of  the  rolling-circle  traces  a 
straight  line  traversing  A,  and  a  point  C,  inside  the  rolling-circle, 
traces  a  quadrant,  C  c,  of  an  ellipse  whose  semiaxes  are  AC  = 
A  B  +  B  C,  and  A  c  =  CD  =  AB  -BC;  also  a  point  C  outside 
the  rolling-circle,  but  rigidly  attached  to  it,  traces  a  quadrant,  C  <ff 
of  an  ellipse  whose  semiaxes  are  AC  =  BC  +  AB,  and  Ac  = 
C  D  =  B  C  —  A  B.  The  former  may  be  called  an  internal,  and  the 
latter  an  external,  ellipse.  The  proportions  of  the  axes  of  either  of 
them  may  be  indefinitely  varied  by  adjusting  the  position  of  the 
tracing-point;  but  in  every  internal  ellipse  the  sum,  and  in  every 
external  ellipse  the  difference,  of  the  semiaxes  is  equal  to  the 
diameter  of  the  rolling-circle — that  is,  to  the  radius  of  the  base-circle. 

This  is  the  principle  of  the  mechanism  commonly  used  for 
turning  ellipses.     (See  Addendum,  page  290.) 

It  is  evident  that  by  having  a  number  of  tracing-points  carried 
by  one  rolling-circle,  several  ellipses  differently  proportioned  and 
in  different  positions  may  be  traced  at  the  same  time. 

246.  A  Trammel  is  a  substitute  for  a  pair  of  rolling- circles 
suited  for  tracing  ellipses;  but  it  is  less  used  in  mechanism  than  in 
drawing  instruments.  It  depends  on  the  following  principles : — 
That  every  point  in  the  circumference  of  the  rolling-circle  in  Gg. 
196  traces  a  straight  line  through  A;  and  that  consequently,  if 
two  points  in  a  rigid  body,  so  chosen  as  to  be  in  the  circumference 
of  one  circle  through  A,  be  so  guided  as  to  move  in  straight  lines 
traversing  A,  the  whole  body  will  move  as  if  it  were  carried  by 
that  circle,  rolling  inside  a  circle  of  twice  the  radius. 

In  fig.  197,  let  X  X  and  Y  Y  be  the  centre  lines  of  two  straight 
grooves,  cutting  each  other  in  A ;  and  let  B  and  C  be  the  centres 
of  two  pins  which  slide  along  those  grooves  respectively  at  an 
invariable  distance,  B  C,from  each  other.  Through  B,  perpendicular 
to  X  X,  and  through  C,  perpendicular  to  Y  Y,  draw  the  straight 
lines  B  G,  C  G,  cutting  each  other  in  G;  this  point  will  evidently 
be  the  trace  of  the  instantaneous  axis  of  a  rigid  body  attached  to  B 
and  C.     Join  A  G,  bisect  it  in  D,  and  about  D  draw  a  circle 

scries  of  points,  Glf  Ac.,  in  that  circle.     (Two  only  of  these  points  are 
lettered,  to  prevent  confusion.) 

Draw  the  radii  AG,,  &c.  Then,  through  the  points  F,,  &c,  draw  a 
series  of  normals,  F,  H,,  &c,  cutting  their  corresponding  radii  in  a  series  of 
points,  H,,  &c.     These  will  be  points  in  the  base-curve. 

To  construct  the  rolling-curve,  draw,  in  a  separate  diagram,  the  tracing- 
arm  gf  =  G  F;  draw  the  radii  g  h,  Ac.,  equal  to  the  corresponding  lines 
Gx  H,,  &c,  in  the  original  diagram,  and  making  the  angles  fg  h ,,  &c., 
equal  to  the  corresponding  angles  Fx  G,  Hn  &c,  in  the  original  diagram; 
then  hlt  &c,  will  be  points  in  the  required  rolling-curve ;  g  being  the  trace 
of  its  axis,  which  is  at  the  invariable  distance  A  D  from  the  ixia  ol  \kfc 
base-curve;  and./  the  tracing-point 
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through  A  and  G.     That  circle  will  also  traverse  B  and  C,  because 
the  angles  A  B  G  and  A  C  G  are  right  angles.     Now,  the  length  of 


Fig.  197. 

the  chord  B  C  in  that  circle  is  constant,  and  it  subtends  at  the 
circumference  the  constant  angles  Y  A  X  and  B  G  C ;  therefore 
the  diameter  A  G  of  that  circle  is  constant  in  all  positions  of  the 
pins  B  and  C  as  they  slide  along  the  grooves ;  therefore  the  several 
positions  of  the  instantaneous  centre,  G,  are  all  in  one  circle  de- 
scribed about  A ;  therefore  the  motion  of  a  rigid  body  attached  to 
the  pins  B  and  C  is  the  same  as  if  it  were  carried  by  the  circle 
A  B  G  C  rolling  inside  a  circle  of  twice  the  radius  described  about 
A.  Hence  the  point  D  in  such  a  rigid  body  traces  a  circle  about 
A;  and  any  other  point,  such  as  E,  traces  an  ellipse  whose  semi- 
axes  are  respectively  equal  toAD  +  DE  and  AD-DE  The 
straight  Hue  G  E  is  at  every  instant  a  normal  to  the  ellipse  traced 
by  the  point  E. 
In  the  ordinary  form  of  the  trammel,  represented  in  fig.  198,  the 
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grooves  X  X  and  Y  Y  are  at  right  angles  to  eacb  other;  and  the 
moving  rigid  body  is  a  straight  rod,  B  0  F,  carried  by  two  pins  at 
B  and  C,  which  are  fixed  in  blocks  that  slide  along  the  grooves. 


Fig.  198. 


The  tracing-point  is  moveable,  and  can  be  adjusted  to  any  required 

|K)sition  along  the  rod.     When  midway  between  B  and  C,  at  D,  it 

B  C 
traces  a  circle  of  the  radius  — ^— ;  when  at  any  other  intermediate 

point,  such  as  B,  it  traces  an  ellipse  whose  semiaxes  are  equal  re- 
spectively  to  E  B  and  E  C ;  and  if  the  rod  be  prolonged,  a  point  F 
in  the  prolongation  traces  an  ellipse  whose  semiaxes  are  equal  re- 
spectively to  F  B  and  F  C.  In  each  case  the  axes  of  the  ellipse 
coincide  with  the  centre  lines  of  the  grooves  X  X  and  Y  Y. 

When  the  trammel  is  oblique-angled  at  A,  the  positions  of  tho 
axes  of  the  ellipse  described  by  a  given  tracing-point,  E  (tig.  197), 
are  found  as  follows : — Produce  E  D  till  it  cuts  the  virtual  to\\\&%> 
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circle  in  a;  join  B  a,  C  a ;  then  E  a  B  and  E  a  C  will  be  equal  to 
the  angles  made  by  the  longer  axis  with  X  X  and  Y  Y  respectively; 
and  the  shorter  axis  will  of  course  be  perpendicular  to  the  longer.* 
247.  Feathering  Paddle-Wheels  exemplify  a  class  of  aggregate 
combinations  in  which  linkwork  is  the  means  of  producing  the 
aggregate  motion.  Each  of  the  paddles  is  supported  by  a  pair  of 
journals,  so  as  to  be  capable  of  turning  about  a  moving  axis  parallel 
to  the  axis  of  the  paddle-wheel,  while  its  position  relatively  to 
that  moving  axis  is  regulated  by  means  of  a  lever  and  rod  con- 
necting it  with  another  fixed  axis.  Thus,  in  fig.  199,  A  is  the 
axis  of  the  paddle-wheel;  K  the  other  fixed  axis,  or  eccentric-axis; 
B,  E,  N,  C,  P,  M,  D  the  axis  of  a  paddle  at  various  points  of  its 


Ffg.  199. 

revolution  round  the  axis  A  of  the  wheel ;  B  F,  E  H,  N  Q,  C  R, 
P  S,  M  L,  D  G,  the  stem-lever  of  the  paddle  in  various  positions; 
K  F,  K  H,  K  Q,  K  R,  K  S,  K  L,  K  G,  various  positions  of  the 
guide-rod  which  connects  the  stem-lever  with  the  eccentric-axis. 
When  the  end  of  the  paddle-shaft  overhangs,  and  has  no  outside 

*  The  oblique-angled  trammel  is  believed  to  be  the  invention  of  Mr. 
.Edmund  Hunt. 
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bearing,  the  eccentric-axis  may  be  occupied  by  a  pin  fixed  to  the 
paddle-box  framing;  but  if  the  paddle-shaft  has  an  outside  as  well 
as  an  inside  bearing,  the  inner  ends  of  the  guide-rods  are  attached 
to  an  eccentric  collar,  large  enough  to  contain  the  paddle-shaft  and 
its  bearing  within  it,  and  represented  by  the  small  dotted  circle  that 
is  described  about  K.  One  of  the  rods,  called  the  driving-rod,  is 
rigidly  fixed  to  the  collar,  in  order  to  make  it  rotate  about  the  axia 
K;  the  remainder  of  the  rods  are  jointed  to  the  collar  with  pins. 

The  object  of  the  combination  is  to  make  the  paddles,  so  long  as 
they  are  immersed,  move  as  nearly  as  possible  edgewise  relatively 
to  the  water  in  the  paddle-race.  The  paddle-race  is  assumed  to  be 
a  uniform  current  moving  horizontally,  relatively  to  the  axis  A, 
with  a  velocity  equal  to  that  with  which  the  axes  B,  &c,  of  the 
paddle-journals  revolve  round  A.  Let  E  be  the  position  of  a 
paddle-journal  axis  at  any  given  instant ;  conceive  the  velocity  of 
the  point  E  in  its  revolution  round  A  to  be  resolved  into  two  com- 
ponents,— a  normal  component  perpendicular,  and  a  tangential  com- 
ponent parallel,  to  the  face  of  the  paddle.  Conceive  the  velocity  of 
the  particles  of  water  in  the  paddle-race  to  be  resolved  in  the  same  way. 
Then,  in  order  that  the  paddle  may  move  as  nearly  as  possible  edge- 
wise relatively  to  the  water,  the  normal  components  of  the  velocities- 
of  the  journal  E  and  of  the  particles  of  water  should  be  identical. 

Let  B  be  the  lowest  point  of  the  circle  described  by  the  paddle- 
journal  axes;  that  is,  let  A  B  be  vertical.  Draw  the  chord  E  B. 
Then  it  is  evident  that  the  component  velocities  of  the  points  B 
and  E  along  E  B  are  identical.  But  the  velocity  of  B  is  identical 
in  amount  and  direction  with  that  of  the  water  in  the  paddle-race. 
Therefore  the  face  of  a  paddle  at  E  should  be  normal  to  the  chord 
E  B,  or  as  nearly  so  as  possible.  Another  way  of  stating  the  same 
principle  is  to  say  that  a  tangent,  E  C,  to  the  face  of  the  paddle 
should  pass  through  the  highest  point,  C,  of  the  circle  described  by 
the  paddle-journal  axes.  CAB  being  the  vertical  diameter  of  that 
circle. 

It  is  impossible  to  fulfil  this  condition  exactly  by  means  of  the  com- 
bination shown  in  the  figure ;  but  it  is  fulfilled  with  an  approximation 
sufficient  for  practical  purposes,  so  long  as  the  paddles  are  in  the  water, 
by  mean 8  of  the  following  construction : — Let  D  and  E  be  the  two 
points  where  the  circle  described  by  the  paddle-journals  cuts  the  sur- 
face of  the  water.  From  the  uppermost  point,  C,  of  that  circle  draw 
the  straight  lines  C  E,  C  D,  to  represent  tangents  to  the  face  of  a 
paddle  at  the  instant  when  its  journals  are  entering  and  leaving 
the  water.  Draw  also  the  vertical  diameter  C  A  B,  to  represent  a 
tangent  to  the  face  of  a  paddle  at  the  instant  when  it  is  most 
deeply  immersed.  Then  draw  the  stem-lever  projecting  from  the 
paddle  in  its  three  positions,  D  G,  B  F,  E  H.  In  the  figure,  that 
lever  is  drawn  at  right  angles  to  the  face  of  the  paAd\&°,  W\»\}fe& 
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angle  at  which  it  is  placed  is  to  a  certain  extent  arbitrary,  though 

it  seldom  deviates  much  from  a  right  angle.     The  length  of  the 

3 

stem-lever  is  a  matter  of  convenience :  it  is  usually  about  ■=  of  the 

depth  of  the  face  of  a  paddle.  Then,  by  plane  geometry,  find  the 
centre,  K,  of  the  circle  traversing  the  three  points,  G,  F,  and  H ; 
X  will  mark  the  proper  position  for  the  eccentric-axis;  and  a  circle 
described  about  K,  with  the  radius  K  F,  will  traverse  all  the 
positions  of  the  joints  of  the  stein-levers. 

From  the  time  of  entering  to  the  time  of  leaving  the  water, 
paddles  fitted  with  this  feathering  gear  move  almost  exactly  as 
required  by  the  theory ;  but  their  motion  when  above  the  surface 
of  the  water  is  very  different,  as  the  figure  indicates. 

To  find  whether,  and  to  what  extent,  it  may  be  necessary  to  notch 
the  edges  of  the  paddles,  in  order  to  prevent  them  from  touching 
the  guide-rods,  produce  A  K  till  it  cuts  the  circle  G  F  H  in  L; 
from  the  point  L  lay  off  the  length,  L  M,  of  the  stem-lever  to  the 
circle  DBE,  and  draw  a  transverse  section  of  a  paddle  with  the 
axis  of  its  journals  at  M,  its  stem-lever  in  the  position  M  L,  and 
its  guide-rod  in  the  position  L  K.  This  will  show  the  position 
of  the  parts  when  the  guide-rod  approaches  most  closely  to  the 
paddle. 

Some  engineers  prefer  to  treat  the  paddle-race  as  undergoing  a 
gradual  acceleration  from  the  point  where  the  paddle  enters  the 
water  to  the  point  of  deepest  immersion.  The  following  is  the  con- 
sequent modification  in  the  process  of  designing  the  gear : — Let  the 
final  velocity  of  the  paddle-race  be,  as  before,  equal  to  that  of  the 
point  B  in  the  wheel,  and  let  the  initial  velocity  be  equal  to  that 
of  the  point  6,  at  the  end  of  a  shorter  vertical  radius,  A  6.  Let  D 
be  the  axis  of  a  paddle-journal  in  the  act  of  entering  the  water, 
and  £  the  same  axis  in  the  act  of  leaving  the  water.  Join  b  D 
and  B  E;  draw  the  face  of  the  paddle  at  D  normal  to  D  b,  the 
face  of  the  paddle  at  B  vertical,  as  before,  and  the  face  of  the 
paddle  at  E  normal  to  E  B.  Then  draw  the  stem-lever  in  its  three 
positions,  making  a  convenient  constant  angle  with  the  paddle- 
fa  ce  ;  and  find  the  centre  of  a  circle  traversing  the  three  positions 
of  the  end  of  the  stem-lever;  that  centre  will,  as  before,  mark  the 
proper  position  for  the  eccentric-axis. 

248.    Spherical  Epltrocho trial   Paths— Z-Crnnk. — A  point  rigidly 

attached  to  a  cone  which  rolls  on  another  cone  describes  a  spJierical 
epitrochoid,  situated  in  a  spherical  surface  whose  centre  is  at  the 
common  apex  of  the  two  cones.  This  sort  of  aggregate  motion  is 
illustrated  by  Mr.  Edmund  Hunt's  Z- crank. 

In  fig.  200,  A  A  is  a  rotating  shaft,  carrying  at  B,  B,  two  crank- 
arms,  which  project  in  opposite  directions,  and  are  connected  with 
each  other  by  means  of  a  cylindrical  crank-pin,  B  B.     The  shaft, 


Z-GBAKK. 


273 


crank-arms,  and  crank-pin,  are  all  rigidly  fastened  together;  and 
they  rotate  as  one  piece  about  the  axis  A  A. 

The  crank-pin  is  contained  within  a  hollow  cylindrical  sleeve  or 


is   -d 


tube,  fitting  it  accurately,  but  not  tightly,  and  free  to  rotate, 
relatively  to  the  pin,  about  the  axis  B  B,  but  not  to  shift  longi- 
tudinally. From  that  tube,  and  in  a  plane  normal  to  B  B,  and 
traversing  C,  the  intersection  of  B  B  and  A  A,  there  project  any 
required  number  of  arni8,  such  as  C  D,  C  D.  Those  arms  move  as 
one  piece  with  the  tube;  and  each  of  them,  at  its  end  D,  is  con- 
nected, by  means  of  a  ball-and-socket  joint,  with  a  link,  and  through 
the  link  with  a  piston-rod,  which  has  a  reciprocating  sliding  move- 
ment parallel  to  A  A. 

The  lower  part  of  the  figure  shows  the  position  of  the  mechanism 
after  a  quarter  of  a  revolution  has  been  made  from  the  position 
represented  in  the  upper  part  of  the  figure. 

The  motion  of  the  sleeve,  with  its  arms,  is  compounded  of  a 
rotation  about  the  fixed  axis  A  A,  and  of  a  rotation  with  equal 
speed  in  the  contrary  direction  about  the  revolving  axis  B  B. 

Therefore,  in  the  plane  of  those  axes  at  any  instant  draw  C  E, 
bisecting  the  obtuse  angle  B  C  A,  and  0  £  will  be  the  instantaneous 
axis  of  the  sleeve  and  arms. 
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Draw  C  F,  making  the  angle  A  C  F  =  A  C  E;  and  C  G,  making 
the  angle  B  C  G  =  B  C  E.  Then  EOF  will  be  the  trace  of  a 
fixed  cone,  having  A  C  A  for  its  axis;  and  E  C  G  will  be  the  trace 
of  a  rolling  cone,  having  B  C  B  for  its  axis;  and  the  motion  of  the 
sleeve  with  its  arms  will  be  the  same  as  if  it  were  rigidly  attached 
to  the  rolling  cone. 

Each  of  the  points  marked  D  describes  a  spherical  cpitrochoid, 
shaped  like  a  long  and  slender  figure  of  8,  and  situated  in  the  surface 
of  a  sphere  of  the  radius  0  D,  whose  trace  in  the  figure  is  marked 
by  a  dotted  circle.  The  trace  of  the  fixed  cone  on  that  sphere  is 
projected  in  the  figure  by  the  straight  line  E  F;  that  of  the  rolling 
cone,  in  the  upper  part  of  the  figure,  by  the  straight  line  E  G,  and 
in  the  lower  part  by  a  dotted  ellipse.  The  centre  of  the  base  of  the 
rolling  cone  is  marked  H  and  h  in  the  two  parts  of  the  figure 
respectively. 

Section  V. — Paralld  Motions. 

249.  Parallel  lfioti«u»  in  General. — A  parallel  motion  is  a  com- 
bination of  turning  pieces  in  mechanism,  usually  links  and  levers, 
designed  to  guide  the  motion  of  a  reciprocating  piece  either  exactly 
or  approximately  in  a  straight  line,  so  as  to  avoid  the  friction  which 
arises  from  the  use  of  straight  guides  for  that  purpose.  Its  most 
common  application  is  to  the  heads  of  piston-rods. 

Some  parallel  motions  are  exact;  that  is,  they  guide  the  piston- 
rod  head  or  other  reciprocating  piece  in  an  exact  straight  line;  but 
these  parallel  motions  cannot  always  be  conveniently  made  use  of. 
Other  parallel  motions  are  only  approximate;  that  is,  the  path  of 
the  piece  which  they  guide  is  near  enough  to  a  straight  line  for  the 
practical  object  in  view;  and  these  are  the  most  frequent.  They 
are  usually  designed  upon  the  principle,  that  the  two  extreme 
positions  and  the  middle  position  of  the  guided  point  shall  be 
exactly  in  one  straight  line ;  care  being  taken,  at  the  same  time, 
that  the  deviations  of  the  intermediate  parts  of  the  path  of  that 
point  from  that  straight  Hue  shall  be  as  small  as  possible. 

There  are  purposes  for  which  no  merely  approximate  parallel 
motion  is  sufficiently  accurate ;  such  as  the  guiding  of  the  tool  in 
a  planing  machine,  whose  motion  ought  to  be  absolutely  straight 

250.  Exact  Parallel  Motions. — When  a  wheel  rolls  round  inside 
a  ring  of  exactly  twice  its  radius,  any  point  in  the  pitch-circle  of 
the  wheel  traces  a  straight  line,  being  a  diameter  of  the  pitch- 
circle  of  the  ring  (Article  245,  page  266).  This  combination,  then, 
has  sometimes,  though  seldom,  been  used  as  an  exact  parallel  motion 
for  a  piston-rod ;  the  head  of  the  piston-rod  being  jointed  to  a  pin 
at  the  pitch-circle  of  the  rolling  wheel,  and  the  crank  to  another ' 
pin  at  the  centre  of  that  wheel 
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Fig.  201  represents  another  exact  parallel  motion,  first  proposed, 
it  is  believed,  by  Mr.  Scott  Russell. 

The  arm  C  T>  turns  on  the  axis  C,  and  is  jointed  at  D  to  the 
middle  of  the  bar  A  D  B,  whose 
length  is  doable  of  that  of  C  D,  and 
one  of  whose  ends,  B,  is  jointed  to  a 
slider,  sliding  in  straight  guides 
along  the  line  C  B.  Draw  B  E 
perpendicular  to  C  B,  cutting  C  D 
produced  in  E;  then  E  is  the  in- 
stantaneous axis  of  the  bar  ADB; 
and  the  direction  of  motion  of  A  is 
at  every  instant  perpendicular  to  E 


A;    that    is,   A  moves    along    the 


^ra 


xc 


Fig.  201. 


straight  line  A   C  a.     While   the 
stroke  of  A  is  A  C  a,  extending  to 

equal  distances  on  either  side  of  C,  and  equal  to  twice  the  chord  of 
the  arc  D  d,  the  stroke  of  B  is  only  equal  to  twice  the  deflection 
of  that  arc ;  and  thus  A  is  guided  through  a  comparatively  long 
stroke  by  the  sliding  of  B  through  a  comparatively  short  stroke, 
and  by  rotatory  motions  at  the  joints  C,  D;  B.  This  may  be  called 
the  grasslwpper  parallel  motion. 

251.  Approximate  Grasshopper  Parallel   motion. — The  point  B, 

instead  of  sliding  between  straight  guides,  may  be  carried  by  the 
end  of  a  lever  which,  in  its  middle  position,  is  parallel  to  a  C  A, 
and  which  is  so  long  that  the  deviation  of  the  arc  described  by  B- 
from  a  straight  line  is  insensible.     (See  also  page  292.) 

252.  Watt's  Parallel  motion— General  Description. — The  general 

construction  of  the  ordinary  form  of  Watt's  approximate  parallel, 
motion  is  shown  in  fig.  202.    A  c  is 
oue  arm  of  the  walking-beam  of  the 
engine,  turning  about  an  axis  at  the 
main-centre  c.      A  B  is  the  main' 
link,  connecting  the  end  A  of  the 
beam  with  the  piston-rod  B  D.   T  t 
is  the  back-link,  equal  and  parallel 
to  the  main-link ;  and  B  T  is  the 
parallel-bar,  equal  and  parallel  to 
the  part  A  t  of  the  walking-beam, 
and  completing  the  parallelogram 
A  t  T  B.  The  piston-rod  head,  B,  is 
to  be  guided  so  that  its  highest,  middle,  and  lowest  positions  shall  be- 
in  one  straight  line;  and  this  is  effected  by  guiding  in  the  same 
manner  the  point  P,  where  the  straight  line  B  c  cuts  the  back-link. 
The  guiding  of  the  point  P  is  effected  by  means  of  the  rod\us-b<M\<3t 
bridle,  C  T,  which  is  a  lever  that  tarns  about  an  axAa  afc  ^  «xAS* 


Fig.  202. 
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jointed  at  T  to  the  back-link.  From  the  point  P  a  pump-rod  is 
often  hung.  Some  variations  in  detail  will  be  explained  further 
on.  The  links,  bridle,  and  parallel-bar  usually  consist  each  of  a 
pair  of  equal  and  similar  pieces,  connected  respectively  with  the 
two  sides  of  the  piston-rod  head. 

Fig.  203  shows  on  a  larger  scale  the  principle  according  to 
which  the  point  P  is  guided.  Ss  is  the  line  of  stroke  of  that 
point;  Px,  P2,  and  Ps,  its  upper,  middle,  and  lower  ]K>sitions. 
T  P  t  (shown  in  three  positions,  numbered  1,  2,  and  3  respectively) 


Fig.  108. 

is  the  link;  CT  and  ct  the  two  levers  which  guide  that  link, 
each  shown  in  three  positions.  In  designing  a  parallel  motion 
the  principal  problem  is  to  adjust  the  relative  positions  and  pro- 
portions of  the  levers  and  link,  so  that  the  three  points  Px,  P2,  and 
P3  shall  lie  in  the  straight  line  S  a  There  are  also  subordinate 
problems,  of  which  the  tirst  has  for  its  object  to  make  the  devia- 
tions of  the  point  P  from  the  straight  line  of  stroke,  in  positions 
intermediate  between  Plf  P2,  and  P3,  as  small  as  possible.  It  will 
be  shown  further  on  that  those  deviations  arise  from  the  varying 
obliquity  of  the  link  T  t  to  the  line  of  stroke  S  8 ;  therefore  each 
lever  should  be  so  placed  relatively  to  the  link  that  the  greatest 
obliquity  of  the  link  shall  be  as  small  as  possible ;  and  for  that 
purpose  the  link,  in  its  positions  of  greatest  obliquity  to  the  right 
and  left  of  the  line  of  stroke  respectively,  should  make  equal  angles 
at  opposite  sides  of  that  line ;  which  condition  is  to  be  fulfilled  by 
making  the  middle  position  of  each  lever  perpendicular  to  the 
line  of  stroke,  and  makiug  that  line  bisect,  in  the  points  M  and  m, 
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the  deflect ioD 8  T  «V  and  <  2  v  of  the  arcs  described  by  the  points 
T  and  t  respectively.  This  adjustment  is  to  be  made  for  the  beam 
and  link  before  proceeding  to  design  the  parallel  motion  strictly 
so  called ;  that  is,  the  position  and  dimensions  of  the  bridle  rela- 
tively to  the  beam  and  link. 

Another  subordinate  problem  is  to  design  the  parallelogram, 
when  a  second  point,  such  as  B  in  fig.  202,  is  to  be  guided. 

253.    Watt*  Parallel  afatlea—  Bales  far  Deolaala*. — I.   Given  (in 

%g.  204)  the  line  of  stroke,  G  D,  of  a  piston-rod,  the  middle  position 

of  its  head,  B,  and  the  centre,  A,  of  a  walking-beam  or  lever,  which, 

in  its  middle  position,  A  D,  is 

perpendicular  to  G  D :  to  find 

the  radius  of  the  lever,  so  that 

the  link  connecting  it  with  B 

shall  deviate  equally  to  the 

two  sides  of  G  D  during  the 

motion;  also,  the  length  of 

the  link. 

Make  DE=  •  stroke;  join 

A  E ;  and  perpendicular  to  it 
draw  E  F,  cutting  A  D  pro- 
duced in  F;  A  F  will  be  the 
required  radius.  Join  FB; 
this  will  be  the  link. 

II.  Given  the  data  and 
results  of  Rule  I. ;  also  the 
point,  G,  where  the  middle 
position  of  a  bridle  or  second 
lever,  connected  with  the  same 
link,  cuts  G  D :  to  find  the  second  lever,  so  that  the  two  extreme 
positions  of  B  shall  lie  in  the  same  straight  line,  G  B  D,  with  the 
middle  position. 

Through  G  draw  a  straight  line,  L  G  K,  perpendicular  to  G  D ; 
produce  F  B  till  it  cuts  that  line  in  L;  this  point  will  be  one  end 
of  the  required  second  lever  at  mid-stroke,  and  F  L  will  be  the 
entire  link.  Then,  in  D  G  lay  off  D  H  =  G  B;  join  A  H,  and 
produce  it  till  it  cuts  L  G  K  in  K;  this  will  be  the  centre  for  the 
second  lever. 

III.  Given  (in  fig.  205)  the  middle  positions,  A  0  and  B  E, 
(parallel  to  each  other)  and  the  extreme  positions,  A  D,  A  D',  B  F, 
B  F,  of  two  levers  centred  at  A  and  B  respectively :  required  the 
radii  of  those  levers,  so  that  a  link  connecting  them  shall  deviate 
in  direction  by  equal  angles  alternately  to  the  two  sides  of  a  per- 
pendicular to  A  C  and  B  E 

From  B  let  fall  B  G  perpendicular  to  A  C  (produced  Si  TreaeaaarsY 


Fig.  204. 
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Draw  A  H  bisecting  the  angle  CAD.    Also,  at  the  point  G,  lay  off 

the  angle  AGH  =  5EBF; 

and  let  G  H  cut  A  H  in  H. 
Draw  H  K  perpendicular  to 
H  A,  and  H  L  perpendicular  to 
H  G,  cuttiug  A  G  in  K  and  L 
respectively.  In  B  £  lay  off 
BBM  =  GL  JoinKM.  Then 
will  A  K  and  B  M  be  the  re- 
quired radii  of  the  levers,  and 
K  M  the  link  connecting 
them. 

IV.  In  the  link  K  M,  found 
by  the  preceding  rule,  to  find 
the  point  whose  middle  and  two 
extreme  positions  lie  in  one 
straight  line;  also  the  length 
of  stroke  of  that  point. 

Through H draw  PHN per- 
pendicular to  A  K  and  B  M. 
The  required  length  of  stroke 
is  4  P  H.  The  required  point 
is  R,  where  PHN  cuts  K  M ; 
but  as  the  acuteness  of  the 
angle  of  intersection  causes  this 
method  of  finding  R  to  be  want- 
ing in  precision,  it  is  better  to 
proceed  as  follows : — Draw  the 
straight  line  A  B,  cutting  N  P 
in  Q ;  then  lay  off  P  R  =  N  Q : 
R  will  be  the  required  point. 

V.  Given  (in  fig.  206  or  in  fig. 
206  a)  the  main-centre.  A,  the 
middle  position  of  the  main- 
lever,  A  F,  the  piston-rod  head, 
B,  and  its  length  of  stroke; 
the  radius,  A  F,  of  the  lever, 
and  the  main-link,  F  B,  having 
been  found  by  Rule  I.  Let  the 
figure  represent  those  parts  at 
mid-stroke;  and  let  it  be  re- 
quired to  construct  a  parallel 
motion  consisting  of  a  parallelo- 
gram, C  E  D  F(in  which  C  E  = 
F  D  is  called  the  parallel-bar, 


Fig.  205. 


Fig;  208. 
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.-''Or 


Fig.  206 


tnd  D  E  =  F  C  the  back-link),  and  a  radius-lever,  or  bridle,  H  E, 
joitfted  to  the  angle  E  of  the  parallelogram. 

Draw  the  straight  line  A  B,  cutting  the  back-link  D  E  in  G; 
then  by  Rule  II.  find  the 

lever  H  E,  such  that  the  ^ nf y® * 

middle  and  extreme  posi- 
tions of  G  shall  lie  in  one 
straight  Hue. 

(The    point   G    shows  \    .-*-'*      \ 

where  a  pump-rod  may,  if  b\  "  \ 

convenient,  be  jointed  to  ® 

the  back-link).  " 

Fig.  206  b  represents 
that  case  of  the  application 
of  this  rule  in  which  the 
points  B  and  C  coincide 
with  each  other;  and  it 
requires  no  separate  de- 
scription except  the  sub- 
stitution of  B  for  C  in  the 
Rule.  This  construction 
is  the  same  with  that  which 
is  roughly  represented  in 
202. 

VI.  Given  (in  fig.  207) 
the  main-centre,  A;  also 
the  main-lever  or  walking- 
beam,  A  F,  and  main-link, 
F  B,  found  by  Rule  I.  Let 
B  be  the  middle  position, 
and  C  and  C  the  two  ex- 
treme positions,  of  the 
point  where  the  parallel- 
bar  is  jointed  to  the  main- 
link, whether  at  the  piston- 
rod  head  or  at  some  other 

point.  Let  A  G  and  A  G'  be  the  two  extreme  positions  of  the 
main-lever.  Let  H  be  a  convenient  point  in  the  straight  line,  B  H, 
parallel  to  F  A,  chosen  as  the  centre  for  the  bridle ;  and  let  H  J 
be  a  convenient  length  chosen  for  the  radius  of  that  lever;  J  being 
the  middle  position  of  the  point  where  it  is  jointed  to  the  parallel- 
bar. 

Required,  the  points  where  the  back-link  ought  to  be  jointed  to 
the  main-lever,  A  F,  and  the  bridle,  H  J,  respectively. 

About  H,  with  the  radius  H  J,  describe  a  circular  arc;  then  take 
the  length,  B  J,  of  the  parallel-bar  in  the  compasses,  and  la.^  oft  tta 


A 


H 


JB 


Fig.  206  b. 
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same  length  from  C  and  C  respectively  to  K  and  K'  in  that  aw: 
C  K  and  C  K!  will  be  the  extreme  positions  of  the  Dorallel-tar. 
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Fig.  207 

Join  H  K,  H  K':  these  will  be  the  extreme  positions  of  the  bridle. 
Then,  by  Rule  III.,  find  the  ends,  M  and  N,  of  the  back-link,  M  N, 
which  is  to  connect  the  bridle  with  the  main-lever. 

The  two  extreme  positions  of  the  back-link  are  marked  P  Q, 
PQ1. 

If  it  be  desired  to  joint  a  pump-rod  to  the  back-link,  the  proper 
point  for  that  purpose  may  be  found  by  Rule  IV. 
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254.  Wail's  Parallel  Motion— Exteat  af  Devlatlaa. — The  follow- 
ing rale  serves  to  determine 
the  extent  of  the  greatest 
deviation  of  the  guided  point 
in  Watt's  parallel  motion  from 
an  exactly  straight  path.  In 
fig.  208,  let  D  G  be  the  line  of 
stroke ;  A  F  and  K  L,  the  two 
levers;  F  L,  the  link;  and  6, 
the  guided  point;  the  moving 
parts  being  in  their  middle 
positions.  About  A  and  K 
respectively,  draw  the  circular 
arcs  F  f  and  L  I,  being  the 
paths  of  the  points  F  and  L, 
cutting  the  line  of  stroke  in./* 
and  /.  Take  the  length  F  L 
of  the  link  in  the  compasses; 
lay  it  of  from  one  of  those 
arcs  to  the  other,  by  trial,  or 
by  the  eye,  so  as  to  be  parallel 
to  D  G;  and  mark  its  ends,/' 
and  t. 

Draw  the  straight  line/  f, 
cutting  K  L  in  G';  this  will  be 
the  position  of  the  link  when  its 
deviation  towards  K  is  greatest;  / 

and  G  G'  will  be  that  deviation.  / 

The  greatest  deviation  towards 
A  will  be  of  equal  extent,  and 
will  take  place  when  the  levers 
make  nearly  equal  angles  with 
their  middle  position  in  the 
contrary  direction.*  Fig.  208. 

*  To  calculate  Hvt  greatest  deviation  approximately,  let  the  radii  A  F  and 
K  L  be  denoted  respectively  by  a  and  a ;  the  distances,  A  D  and  K  G,  of 
the  centres  from  the  line  of  stroke,  by  b  and  6' ;  the  distance  D  O  by  c ;  the 
length  of  the  link  F  L  by  I ;  and  the  greatest  deviation  G  Gr  by  i.  Also 
make 


Then 


D/  =  VoJ^i?  =■  /;  and 
d  =  j- .-,  very  nearly.  . 


(i.) 


\J£qU  eoftUawtd  <m  mi\  foqftw 
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As  is  shown  in  the  note,  the  fraction  expressing  the  propor- 
tion borne  by  the  deviation  to  the  length  of  stroke  varies,  to  a 
rough  approximation,  inversely  as  the  length  of  the  link,  inversely 
as  the  cube  of  the  mean  of  the  lengths  of  the  levers,  and  directly 
as  the  fourth  power  of  the  stroke ;  and  when  the  angular  stroke  is 
42°,  and  the  link  about  equal  in  length  to  the  levers,  that  fraction 
is  about  TtiVoth.  In  order  to  make  the  deviation  visible  in  the 
figure,  the  dimensions  which  teud  to  increase  it  are  much  ex- 
aggerated beyond  those  which  are  admissible  in  practice. 

The  roles  of  Article  253  give  the  following  values  for  some  of  the  data 
in  the  preceding  formula  in  terms  of  the  stroke  s  :- 

a=6+    ** 


16  6' 
6'  + 


s> 


16  6" 


I  =  a/  J  c»  +  ( a  +  a'  -  6  -  V  )*  j 

=  (nearly)c  +  5^(^+7?) 


When  the  stroke  is  not  too  great,  compared  with  the  lengths  of  the  levers, 
we  may  also  put 

/nearly  =  /' nearly  =  ^; 

whence  we  obtain  the  following  approximate  formula,  as  being  near  enough 
to  the  truth  in  practice,  for  the  proportion  borne  by  the  greatest  deviation 
to  the  length  of  stroke : — 

d         ,         sA  (b  +  6') 

7  nearly  =  i^r*^ »> 

For  example,  let  6  »  b'  =■  c;  and  let  s  =  b;  which  gives  an  angular  stroke 
of  about  56*;  then 

Next,  let  b  =  b'  =  c;  and  let  8  =  -r  b;  which  gives  an  angular  stroke  of 
about  42°;  then 

Jnearly  =  4«  x31536  "  about  0'0002' 

The  Radius  of  Mean  Curvature  of  the  path  of  the  guided  point  is  found  by 
the  following  formula : — 

«  =   323 f3-) 
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255.   Tracing  Approximate  Clrcalar  Area  by  the  Parallel  ITIoUon. 

— An  intermediate  point  in  the  link  of  a  parallel  motion,  not 
coinciding  with  the  point  whose  path  approximates  to  a  straight 
line,  moves  nearly  in  au  arc  of  a  circle ;  and  this  fact  may  be  made 
useful  in  the  approximate  tracing  of  arcs  of  long  radius.  The 
approximation  is  not  sufficient  for  purposes  which  require  the 
utmost  precision,  such  as  cutting  the  slots  in  curved  links  for  slide- 
valve  gear;  but  where  less  precision  is  necessary,  as  in  shaping 
barrel  staves,  it  might  prove  useful.  The  following  are  rules 
relating  to  this  process : — 

I.  To  find  the  radius  of  a  circular  arc  traversing  the  extreme  and 
middle  positions  of  a  given  point  in  the  link  of  a  parallel  motion. 
In  fig.  209,  let  A  Fand  K  L  be  the  levers,  in  their  middle  position ; 
PL,  the  link;  B,  the  point  which  is  guided  nearly  in  a  straight 


A 


/  /\f- 


TTP 


Fig.  209. 


line ;  D  G,  its  line  of  stroke ;  f9  another  point  in  the  link.  Per- 
pendicular to  G  D,  dr&wfd  af  cutting  it  in  d.  In  D  G  produced, 
lay  off  G  h  =  B  d;  join  h  K,  and  produce  it  till  it  cwts/d  a  in  a; 
this  will  be  the  centre  of  the  circular  arc  traversing  the  middle  and 
extreme  positions  of  the  point/;  and  af  will  be  the  radius  of  that 


arc. 


II.  To  design  a  parallel  motion  which  shall  guide  a  point  ap- 
proximately along  a  given  circular  arc,  B  D  C,  fig.  210,  of  which  D 
is  the  middle  point  and  A  the  centre. 

Draw  the  straight  chord  B  C,  cutting  AD  in  E;  bisect  the 
deflection  D  E  in  F;  through  F  draw  F  G  parallel  to  B  C  (and 
therefore  perpendicular  to  A  D).  Choose  any  convenient  rjositiow^ 
I,  for  the  centre  of  motion  of  one  of  the  levers,  and  draw  \  Or 
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parallel  to  D  A.     Lay  off  G  H=-EB  =  JBC;  join  I  H;  and 

rtrpendicular  to  this  line  draw  H  K,  cutting  I  G  produced  iu  K ; 
K  will  be  one  of  the  levers.  Join  K  D ;  this  will  be  part  of  the 
link;  and  M,  where  K  D  cuts  F  G,  will  be  tbe  point  in  the  link 
which  moves  nearly  in  a  straight  line;  but  that  point  is  found  with 
more  precision  as  follows : — Join  I  A,  cutting  GDinL,  and  lay 
offFM  =  GL.     Produce  KMD;  and  make  M  N  =  MK;  then 


Fig.  210. 

draw  N  P  parallel  and  equal  to  I  K;  K  N  will  be  the  link,  and 
N  P  the  other  lever,  centred  at  P. 

III.  To  find  approximately  the  greatest  deviation  of  the  point 
which  is  guided  nearly  in  a  circular  arc.  Find  by  the  rule  of  the 
preceding  Article  the  greatest  deviation  of  the  point  which  moves 
nmvly  ia  a  straight  line.     The  greatest  deviation  of  any  other 
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point  in  the  link,  from  its  approximate  circular  path,  is  proportional 
very  nearly  to  the  product  of  the  lengths  of  the  segments  into  which 
it  divides  the  link.     For  example,  in  fig.  209  we  have 


greatest  deviation  of/       L/-/F 
greatest  deviation  of  B  =  LB'BF  yj 

KD    DN 
KMMN' 


i-    /•     ftu,  greatest  deviation  of  D 

and  in  fig.  210,  ~ - — .— . --.-  = 

greatest  deviation  ot  M 


nearly. 


256.  Roberta  Parallel  iviotioa. — This  might  also  be  called  the 
W  parallel  motion,  from  its  shape.  It  is  considered  to  be  a  con- 
venient form  for  horizontal  engines.  Two  cases  of  this  combination 
are  shown  in  the  figures:  a  simpler  case  in  fig.  211 ;  a  more  com- 
plex case  in  fig.  212. 

I.  In  Fig.  211,  let  D  E  be  the  straight  lino  of  stroke  which  the 
guided  point  is  to  follow  approximately,  and  A  the  middle  of 
that  line.  Draw  two 
isosceles  triangles, 
DBA,  ACE,  with 
equal  legs,  D  B  =  A  B 
=  A  C  =  C  E.  The 
length  of  each  of  these 
legs  should  not  be  less 
than  DA  x  0843;  but 
it  may  be  as  much 
greater  as  the  avail- 
able space  will  permit; 
and  the  greater  it  is 
the  more  accurate  will 
be  the  motion.     Join  Tig.  211. 

B  C,  which  of  course 

is  =  D  A  =  A  E.  Then  ABC  represents  a  rigid  triangular  frame, 
of  which  the  apex  A  is  the  guided  point;  while  the  angles  of  the 
base,  B  and  C,  are  jointed  to  two  level's  or  bridles,  B  D,  C  E, 
which  turn  about  axes  at  D  and  E  respectively.  The  two  extreme 
positions  of  the  triangle  ABC  are  marked  respectively  D  B'  C  and 
E  B"  C,  the  points  B'  and  C  coinciding. 

The  reason  for  prescribing  that  the  length  of  each  leg  of  the 
triangles  shall  not  be  less  than  the  base  x  0*843  is,  that  this  pro- 
jx)rtion  between  these  lengths  makes  the  points  B',  C*,  and  E  lie  in 
one  straight  line,  and  the  points  C",  B",  and  D  in  another  straight 
line,  in  the  two  extreme  positions  of  the  combination  respectively. 

II.  The  second  arrangement,  fig.  212,  is  to  be  used  in  those 
cases  in  which  it  may  be  inconvenient  to  have  the  axes  of  motion 
D  and  E  of  the  bridle-levers  traversing  the  line  of  stroke.  Let 
A'  A  A'  be  the  line  of  stroke,  and  A  its  middle  point,    Drati  «xi 
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isosceles  triangle,  A  B  C,  of  a  convenient  size  and  figure,  with  its' 
apex,  A,  at  tbe  middle  point  of  the  stroke,  and  its  base,  £  C,  parallel 
to  the  line  of  stroke.  Draw  the  same  triangle  m  its  two  extreme 
positions.  A'  B'  C  and  A"  B^  C,  leaning  over  equally  in  opposite 


Fig.  212. 


directions ;  the  sides  A'  B'  and  A"  C  may  conveniently  be  made 
vertical;  but  this  is  not  essential.  Find,  by  plane  geometry,  the 
centre  D  of  a  circular  arc  traversing  the  three  points  B',  B,  B' ;  also 
the  centre  E  of  a  circular  arc  traversing  the  three  points  C',  0,  C\ 
D  B  and  E  C  will  be  the  two  bridle-levers,  and  D  and  E  the  bases 
of  their  axes  of  motion. 


Addendum  to  Article  142,  Page  141. 

Intermittent  Gearing — Counter- Wheel* — Genera  Stop. — In  the  inter- 
mittent toothed  wheel  work  described  at  pages  139  to  141,  the  wheels  and  their 
teeth  are  so  designed  that,  during  the  transmission  of  motion,  the  velocity- 
ratio  has  a  constant  value.  In  some  cases,  however,  it  is  not  necessary  that 
the  velocity-ratio  should  be  constant,  provided  only  that  the  follower  per- 
forms a  certain  part  of  a  revolution  for  each  revolution  of  the  driver,  as  in 
mechanism  for  counting  revolutions.  Tbe  simplest  mechanism  of  that  sort 
consists  of  a  toothed  wheel  of  the  ratchet  form  (Article  194,  page  207,  fig. 
145),  driven  by  a  wiper  or  single  tooth  (Article  164,  pace  175),  which  pro- 
jects from  a  rotating  cylinder,  and  has  its  length  adjusted  so  that  the  arc  of 
contact  is  equal  to  the  pitch  of  the  ratchet  wheel  This  requires  no  special 
explanation.  But  there  are  cases  in  which  the  abruptness  of  the  action  of 
the  wiper  would  be  disadvantageous,  and  in  which  it  is  desirable,  in  order 
to  prevent  shocks,  that  the  follower  should  be  set  in  motion  and  stopped  by 
insensible  degrees. 

Tbe  following  is  the  most  precise  method  of  designing  a  pair  of  wheels 
turning  about  parallel  axes,  in  which  the  follower  is  to  count  the  revolu- 
tions of  the  driver  by  turning  through  a  certain  aliquot  part  of  a  revolution 
for  each  revolution  of  the  driver;  tbe  action  being  absolutely  without  shock, 
and  capable  of  taking  place  in  either  direction. 

In  tig.  100  a,  let  A  B  be  the  line  of  centres,  A  the  trace  of  the  axis  of  the 
driver,  and  B  that  of  tbe  follower.    In  the  example  shown  in  the  figure,  the 
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bat  the  uim  rule*  are  applicable  to  anj  „ , 

Draw  atnight  linea  radiating  from  B  (marked  by  dote  ill  Vie  fignro),  a ... . 

to  divide  the  angular  apace  round  B  into  twice  the  given  number  of  equal 


Then  from  A  let  fall  perpendicular*  A  C  and  A  D  on  the  two  radiating  lines 
which  lie  nearest  to  the  line  of  centre*,  and  complete  the  regular  poll  ~  " 
which  B  ii  the  centre,  and  A  C  and  A  D  are  two  of  the,  hali-eiles. 
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figure  this  is  a  regular  pentagon. )  On  the  line  of  centres  lay  off  A  E  =  A  C 
=  AD;  and  about  B,  with  the  radius  B  E,  describe  a  circle ;  this  circle  will 
cut  the  alternate  radiating  lines  in  a  set  of  points,  such  as  F,  which  will  be 
the  centres  of  the  semicircular  bottoms  of  a  set  of  notches  that  will  gear  in 
succession  with  a  pin  carried  by  the  driver.  Having  assumed  a  convenient 
radius  for  that  pin,  draw  a  circle  to  represent  it  about  the  point  C  as  a 
centre.  The  pin  will  be  carried  by  a  plate  or  arm  projecting  from  the  axis 
A,  in  a  different  plane  from  that  of  the  driven  wheel  For  the  bottom  of  the 
notch  C  F  draw  about  F,  as  a  centre,  a  semicircle  of  a  radius  equal  to  that 
of  the  pin  C,  increased  by  an  allowance  sufficient  for  clearance ;  and  for  the 
two  sides  of  that  notch  draw  two  straight  lines  touching  that  semicircle, 
and  parallel  and  equal  to  F  C.  Draw  all  the  other  notches  of  the  driven 
wheel  of  the  same  figure  and  dimensions. 

In  the  intervals  between  the  notches  the  rim  of  the  driven  wheel  is  to 
consist  of  a  series  of  equal  hollow  circular  arcs,  described  respectively  about 
the  angles  of  the  polygon  with  a  radius  such  as  to  leave  a  thickness  of 
material  sufficient  tor  strength  and  durability  at  each  side  of  each  of  the 
notches ;  for  example,  the  arc  G  H  K  is  described  about  the  centre  A,  so  as 
to  leave  a  sufficient  thickness  of  material  at  G  and  K. 

The  i>eriphery  of  the  driver  is  to  consist  of  a  cylindrical  surface  extending 
round  the  dead  arc,  H  K  M,  and  fitting  smoothly,  but  not  tightly,  into  each 
of  the  hollows,  such  as  G  H  K,  in  the  rim  of  the  follower ;  and  of  a  hollow, 
H  L  M,  of  a  depth  and  figure  such  as  to  clear  the  horns,  such  as  G  and  K, 
of  the  notches  iu  the  follower.  The  angular  extent  of  that  hollow,  HAM, 
is  to  be  equal  to  the  angle  CAD,  that  is,  to  the  supplement  of  C  B  D,  and 
is  to  lie  so  that  the  radius  A  C  shall  bisect  it 

The  effect  of  this  construction  is  as  follows : — While  the  pin  moves  through 
the  arc  0  E  D,  the  follower  is  driven  through  the  angle  CBD;  and  as  the 
pitch -point  evidently  moves  from  A  to  E,  and  then  back  to  A  again,  the 
angular  velocity  of  the  follower  gradually  increases  from  nothing  to  a 
maximum,  and  then  gradually  diminishes  to  nothing  again.  At  the  point  D 
the  pin  leaves  the  notch,  and  while  it  moves  through  the  arc  DIG,  the 
follower  remains  at  rest,  and  is  kept  steady  by  the  dead  arc,  M  K  H,  fitting 
into  one  of  the  hollows  in  its  periphery.  When  the  pin  arrives  again  at  C, 
it  enters  and  drives  a  second  notch,  and  so  on.  The  combination  evidently 
works  with  rotation  in  either  direction. 

The  Geneva  Stop  is  the  name  given  to  the  form  of  this  combination  that  is 
employed  when  the  object  is  that  the  follower  shall  stop  the  driver  after  it 
has  turned  through  a  certain  number  of  revolutions  and  fractions  of  a  revo- 
lution. For  that  purpose  one  of  the  notches  is  to  be  filled  up,  as  shown  by 
the  dotted  semicircle  at  N,  so  as  to  leave  only  a  recess  fitting  the  pin  in  the 
iK>sition  C  or  D.  The  extent  of  rotation  to  which  the  driver  will  then  be 
limited  is  expressed  by  as  many  revolutions  as  there  are  intervals  in  the 
circumference  of  the  follower,  lens  the  angle  CAD;  and  as  the  angle  CAD 
is  the  supplement  of  C  B  D,  this  is  expressed  in  algebraical  symbols  as 
follows  :  Let  n  be  the  number  of  intervals  in  the  circumference  of  the 
follower ;  then  the  driver  is  limited  to  the  following  number  of  turns : — 

1  1 

2  n 

For  example,  in  the  figure,  we  have  n  —  5 ;  therefore,  if  one  of  the  notches 
is  stopped,  the  rotation  of  the  driver  will  be  limited  to 

5  —  -  +  .  =  4*7  turns. 
2       o 

This  contrivance  is  used  in  watches,  to  prevent  their  being  overwound. 
Very  often  a  hammer-headed  tooth  is  used  instead  of  the  cylindrical  pin  C 
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■  the  horns  of  the  notch™  to  be  shortened;  but  it  gives  mora 
ad  leu  precision  and  smoothness  of  action. 

Addendum  to  Article  154,  Page  161. 

Darks  ■■  hnw  OfsiHuk. — When  a  straight  rock  ^ears  with  a  screw, 
the  pitch -surface  of  the  rack  is  a  plane,  touching  the  pitch -cylinder  of  the 
•crew.  The  traces  of  the  teeth  of  the  rack  on  its  pitch-plane  are  parallel 
straight  lines,  and  are  the  development  on  that  plane  of  the  traces  of  the 
threads  of  the  screw  noon  its  pitch-cylinder.     The  jirincipal  role  '    " 


v  is  a  modification  of  Rule  II.  of  Article  154, 


In  tig.  110  A,  let  the  plane  of  p 
and  let  A  I  F  be  the  projection  ol  tne  axis 
of  the  screw :  bein j;  also  the  straight  line  in 
which  the  pitch-surfaces  touch  each  other. 
Let  I  c  represent  the  direction  in  which 
the  rack  is  to  slide;  and  let  the  length  I  c 
represent  the  surface-velocity  of  the  rack 
Baring  assumed  a  proper  transverse  ob- 
liquity for  the  teeth  of  the  rack,  draw  the 
straight  line  e  P,  to  represent  the  trace  of 
a,  tooth.* 

Draw  I  C  perpendicular  to  I  A,  cutting 
P  e  in  C ;  then  1 0  will  represent  the  surfact- 
reloctt'j  of  the  screw;  and  c  C  will  represent 
the  velocity  of  transverse  sliding  of  the  threads 
of  the  screw  on  the  teeth  of  the  rack.  On 
C  c  P  let  fall  the  perpendicular  I  N ;  this 
will  represent  the  common  component  of  the 
surface  velocities.  Also,  the  proportions 
borne  to  each  other  by  the  divided  pitches 
are  as  follows :— as 


be  the  pitch-plane  of  the  tack; 


:  ;  I  C  :  circular  pitch  of  screw 
:  :  I  P  :  divided  axial  pitch  of  screw. 
Having  assumed  a  convenient  absolute  value  for  the  longitudinal  pitch  ol 
Che  rack,  lind,  by  the  help 


if  threads, 
for  the  circumference  of  the 
pitch-cylinder,  and  find  its 
radius  by  construction  or 
by  calculation. 

Fig.  110b  is  a  projection 
of  a  rack,  C  C,  and  screw, 
A  A',  showing  the  traces  of 
the  teeth  and  threads  on 
the  pitch -surfaces. 

During  the  action  of  a 
tooth   and   a  thread,   the 


Dynamics  of  V ■cMhoij ;  but  il  msy 
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pitch-point  travels  along  the  whole  length  of  the  line  of  contact  of  the 
pitch-surfaces,  whose  projection  is  A  A'.  In  the  figure  the  breadths  of  those 
surfaces  are  such,  that  at  any  given  instant  there  are  at  least  three  pitch- 
points. 

The  teeth  and  threads  are  to  be  designed  by  drawing  their  normal  sections, 
as  described  in  Article  155,  page  1G3.  The  normal  section  of  a  tooth  of  the 
rack  will  be  that  adapted  to  its  normal  pitch.  The  normal  section  of  a 
thread  of  the  screw  is  to  be  found  by  the  help  of  the  osculating  circle  of  the 
normal  helix,  as  found  by  .Rule  III.  of  Article  154,  page  161,  which  is  re- 
peated here  for  convenience.  On  I  C  in  fig.  110  a  lay  off  IB  equal  to  the 
radius  of  the  pitch-cylinder;  then,  perpendicular  to  1  C,  draw  B  D,  cutting 
I  N  in  D ;  then,  perpendicular  to  I  b ,  draw  D  R,  cutting  I  0  in  R ;  I  K; 
will  bo  the  radius  of  curvature  of  the  normal  helix. 

A  screw  and  rack  are  used  in  one  form  of  Sellers's  planing  machine. 


« 

\ » 
» » 

< 


Addendum  to  Article  243,  Page  265,  and  Article  245, 

Page  2G7. 

Epitrochoidal  Pnth*. — In  tracing  epitrochoidal  paths  (including  ellipses) 
it  is  obviously  not  essential  that  there  should  actually  be  two  wheels  having 
the  fixed  and  rolling  circles  respectively  for  their  pitch-circles,  provided 
onlv  that  the  wheel  which  carries  the  tracing-point  is  carried  by  a  train-arm 
and  driven  by  an  epicyclic  train,  so  as  to.  have  the  same  motion  with  the 

imaginary  rolling  circle.      As 

*\  to  the  principles  which  regulate 

\  the  motion  of  the  rolling  circle, 

\  t>  sec  Articles  76,  77,  pages  54  to 

P  —  \  56.     As  to  the  action  of  the 

,-•'*"  *%*"x       \  epicyclic  train,  see  Article  234, 

pages  243,  244.  The  wheel- 
work  of  the  epicyclic  train  may 
be  varied  in  detail  according  to 
convenience,  so  long  as  it  gives' 
the  required  velocity -ratio. 

To  exemplify  this,  let  it  be 
required  to  design  an  instru- 
ment for  traciug  ellipses  by 
rolling  motion ;  and  in  Fig. 
195  a,"  let  A  be  the  centre  of 
the  fixed  circle  D,  and  B  the 
centre  of  the  rolling  circle  C\ 
whose  diameter,  A 1  (as  already 
stated  in  Article  245),  is  the 
/  radius  of  the  fixed  circle.     The 

/  simplest  gearing  obviously  con- 

sists of  an  internally  toothed 
/'  fixed  ring  whose  pitch-circle  is 

Fig.  196  a.  D,    and  a  spur-wheel  whose 

pitch-circle  is  C ;  but  this  com- 
bination may  be  inconvenient  in  practice,  and  it  may  be  desirable  to  use  an 
epicyclic  train  in  outside  gearing.  The  train-arm  will  of  course  l>e  repre- 
sented by  A  B;  and  the  absolute  angular  velocity  of  the  wheel  centred  on  B, 
which  is  to  carry  the  tracing-arm,  must  be  made  equal  and  contrary  to  that 

(as  is  almost  always  the  cam  in  practice),  the  angle  I  e  P  should  be  acute,  and  equal  to  tho '' 
complement  of  the  angle  of  repose  of  the  teeth,— say  about  86°,  if  the  teeth  are  smooth  and 
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of  the  train-arm.  To  effect  this,  let  d  be  a  fixed  spur-wheel  centred  on  A ; 
let  c  be  a  spur-wheel  centred  on  B,  and  of  half  the  radius  of  the  fixed  wheel ; 
and  let  e  be  an  idle  wheel  of  any  convenient  radius,  gearing  with  both  the 
wheels  before  mentioned.  Then,  if  a  be  taken  to  denote  the  angular  velocity 
of  the  train- arm,  the  angular  velocity  of  the  fixed  wheel  d  relatively  to  the 
train-arm  will  be  =  —  a ;  and  the  angular  velocity  of  the  wheel  c,  and  of  the 
tracing-arm  which  it  carries,  relatively  to  the  train-arm  will  be  =  —  2a; 
therefore  the  absolute  angular  velocity  of  the  tracing-arm  will  be  a  —  2  a 
=  —  a ;  that  is  to  say,  equal  and  contrary  to  that  of  the  train-arm,  as 
required. 

As  represented  in  the  figure,  this  instrument  is  capable  of  tracing  various 
ellipses  in  which  either  the  half-sum  or  the  half-difference  of  the  semiaxes 
is  =  A  B ;  and  it  is  easy  to  see  that  by  jointing  the  train-arm  at  E,  the 
centre  of  the  idle  wheel,  and  providing  the  means  of  fixing  its  two  divisions, 
A  £  and  £  B,  so  as  to  make  different  angles  with  each  other,  the  distance 
A  B  may  be  varied  within  certain  limits. 

* 

Addendum  to  Article  244,  Page  265. 

Aggregate  Paths  iracrd  by  Cnm-lHotloiia. — An  endless  variety  of 
aggregate  paths  may  be  traced  by  means  of  combinations  in  which  rolling 
action  is  combined  with  the  action  of  a  cam. 

Suppose  two  axes,  not  intersecting,  to  be  connected  by  means  of  a  pair, 
or  of  a  train,  of  suitable  wheels,  so  as  to  have  any  required  velocity -ratio ; 
and  suppose  that  along  with  one  axis  there  rotates  a  disc  on  which  an 
aggregate  path  is  to  be  traced ;  and  that  along  with  the  other  axis  there 
rotates  a  cam  of  any  required  figure,  which  cam,  by  acting  on  a  sliding  bar, 
causes  the  tracing -point  to  move  along  the  lino  of  centres,  or  common  per- 
pendicular of  the  axes,  towards  and  from  the  axis  that  carries  the  (use, 
according  to  a  law  determined  by  the  figure  of  the  cam ;  then  the  tracing- 
point  will  trace  on  the  disc  a  curve  whose  figure  will  depend  on  that  of  the 
cam,  and  on  the  velocity -ratio  of  the  cam  and  disc. 

(As  to  the  action  of  cams,  see  Article  161,  pages  170  to  173.) 

Combinations  of  this  sort  are  used  in  lathes  for  ornamental  turning.  The 
tracing-point  is  the  point  of  a  suitable  cutting  tool ;  and  the  cam  which 
regulates  its  motion  is  commonly  called  the  copy-plate,  or  shaper -plate.  (See 
Xorthcott  On  Turning,  1808,  Part  111.)* 

*  To  express  by  algebraical  Rymbols  the  action  of  this  combination,  let  the  polar  equation 
of  the  pitch-line  of  the  cam  be 

r  =  f(ff) (1.) 

6  b?ing  the  angle  made  by  the  radius  r  with  a  fixed  radius.    Also,  let  a  be  the  length  of  the 
line  of  centres,  and  &  the  constant  distance  along  that  line  from  the  pitch-line  of  the  cam  to 
the  tracing- point 
Let  the  polar  equation  of  the  curve  traced  by  that  point  on  the  disc  be 

r'  =  <»(0'); (2.) 

and  let  n  be  the  ratio  borne  by  the  angular  velocity  of  the  cam  to  that  of  the  disc.  Then  the 
quantities  in  the  equation*  1  and  2  are  connected  with  each  other  by  the  following  pair  of 
equations : — 

r  +  r=a— 6; (3.) 

0  =  n<r. (4.) 

Hence,  if  the  figure  of  the  cam  is  given — that  is,  if  the  function/  in  equation  1  is  given— the 
figure  of  the  traced  curve  is  determined  by  the  following  equation: — 

t-zza  —  b  —  J{n9)\ (5.) 

and  if  the  figure  of  the  traced  curve  is  given— that  is,  if  the  function  ?  in  equation  2  1b  given— 
the  figure  of  the  cam  is  determined  by  the  following  equation: — 

r  =  a  —  b  —  t(i\ (p.) 
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Addendum  to  Article  251,  Page  275. 

Approximate  Grasshopper  Parallel  Iff  •!!•■.— Another  form  of  approxi- 
mate parallel  motion  of  the  grasshopper  kind  is  designed  as  shown  in  fig. 

201  a.  Let  A,  A',  A"  be  the 
extreme  and  middle  positions 
»C  of  the  guided  point,  lying  in 
one  straight  line.  Draw  the 
straight  Tine  A'BK  perpen- 
dicular to  A  A'  A";  and  lay 
off  the  intended  length  of  the 
guiding-bar,  AB  =  A'B'  = 
A*  B,  so  as  to  find  the  extreme 
positions,  B  and  ff,  of  its 
farther  end.  This  end  may 
be  guided  either  by  straight 
guides,  or  by  a  lever  centred 
at  a  point,  C,  equidistant  from 
B  and  Br ;  that  lever  being  so 
long  as  to  make  the  point  B 
describe  a  very  flat  circular 
arc,  deviating  very  little  from 
a  straight  line. 

Choose  a  convenient  point,  D,  for  the  attachment  of  the  bridle  to  the  bar 
A  B,  and  lay  off  A"  D"  =  A'  U  =  A  D,  so  as  to  find  the  extreme  and  middle 
positions  of  that  point.  Then,  by  plane  geometry,  find  the  centre  £  of  a 
circular  arc  traversing  the  points  D,  D',  D' ;  £  will  be  the  trace  of  the  axis 
of  motion  of  the  bridle  £  D.  The  error  of  this  parallel  motion  is  the  less 
the  nearer  D  is  to  the  middle  of  A  R 


Fig.  201 


Addendum  to  Article  143,  Page  143. 

lnrelate  Teeth  fer  Elliptic  Wheels  are  designed  by  drawing  an  ellipse 
confocal  with  the  elliptic  pitch-line,  and  having  its  major  axis  smaller  in  a 
fixed  proportion,  and  then  drawing,  for  the  traces  of  the  fronts  and  backs  of 
the  teeth,  involutes  of  the  smaller  ellipse.  The  proportion  in  which  this 
ellipse  is  smaller  than  the  pitch-ellipse  should  be  such,  that  every  tangent 
to  the  smaller  ellipse  shall  cut  the  fronts  of  two  teeth  at  least  between  that 
ellipse  and  the  pitch-line.  The  pair  of  smaller  ellipses  in  a  pair  of  elliptic- 
toothed  wheels  are  analogous  in  their  motion  to  a  pair  of  elliptic  pulleys ;  as 
to  which,  see  Article  175.  page  189. 
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CHAPTER  VI. 

OF  ADJUSTMENTS. 

257.  Adjustments  Defined  and  Clashed.— The  word  "adjust- 
ments" was  introduced  by  Professor  Willis,  in  order  to  compre- 
hend under  one  general  term  all  contrivances  for  varying  at  will 
the  comparative  motions  in  a  machine.  Every  adjustment  may 
be  regarded  as  an  aggregate  combination  in  which  the  action  i» 
temporary  or  intermittent ;  and  the  various  kinds  of  adjustments, 
might  have  been  classed  under  the  head  of  "Aggregate  Combina- 
tions," in  the  preceding  chapter;  but  it  is  more  convenient  to  treat 
of  them  by  themselves.  Various  contrivances  which  belong  to  the 
class  of  adjustments  have  already  been  described  under  the  head  of 
"  Elementary  Combinations/'  as  well  as  of  aggregate  combinations : 
these  will  be  specified  in  their  order  further  on.  Other  contriv- 
ances belonging  to  the  class  of  adjustments  involve  the  application 
of  the  principles  of  dynamics  and  of  the  strength  of  materials,  to 
such  an  extent  that  their  description,  at  all  events  in  detail,  must 
be  reserved  for  later  divisions  of  this  book. 

When  adjustments  are  classed  according  to  the  purposes  to 
which  they  are  applied,  they  may  be  arranged  as  follows : — 

Traversing-Gear  and  Feed-Motions; 
Engaging,  Disengaging,  and  Reversing-Gear; 
Gear  for  varying  Speed  or  Stroke. 


258.   Trarenlng-Gftr  and  Feed-Metlens  In  General. — By  travers- 

ing-gear  is  meant  the  mechanism  by  means  of  which  a  machine, 
consisting  of  framework  and  moving  pieces,  is  shifted  from  place 
to  place  without  being  thrown  out  of  connection  with  the  driver 
from  which  it  receives  its  motion;  such,  for  example,  as  the 
mechanism  by  which  the  truck  in  a  travelling  crane,  that  carries 
the  hoisting  machinery,  is  made  to  move  to  different  positions  on 
a  travelling  platform,  which  itself  is  capable  of  being  moved  to 
different  positions  on  a  fixed  framework;  or  the  mechanism  by 
which  the  arm  in  a  drilling  machine  is  made  to  move  to  various 
positions,  carrying  with  it  the  boring-tool  and  the  machinery  by 
which  that  tool  is  driven ;  or  that  by  which  the  tool-holder  in  a 
shaping  machine  is  turned  into  various  positions,  according  to  the 
varying  directions  in  which  the  strokes  of  the  tool  are  to  ta  \n&d&. 
By  a  Jetd-motion  is  meant  the  mechanism  m  a  in&c\i\nfe-VKA.  Vj 
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means  of  which,  after  a  stroke  has  been  made,  either  the  cutting- 
tool  or  the  work  (that  is,  the  piece  of  material  operated  upon)  is 
shifted  into  a  new  position,  preparatory  to  making  the  next  cut ; — 
for  example,  in  a  lathe  for  turning  axles,  the  feed-motion  causes 
the  tool  to  shift,  at  each  revolution  of  the  axle  that  is  being  turned, 
through  a  certain  distance  in  a  direction  parallel  to  the  axis  of 
rotation;  and  in  a  sawing  machine,  the  feed-motion  causes  the  log 
of  wood  that  is  being  sawn  to  advance  through  a  certain  distance 
either  during  or  after  each  cut  of  the  saw.  Some  feed-motions 
are  continuous  in  their  action ;  others  are  intermittent 

It  is  obvious  that  the  general  principles  of  traversing-gear,  and 
of  those  feed-motions  in  which  the  tool  is  shifted,  are  those  of  shifting- 
trains,  already  stated  in  Article  228,  pages  235  to  238.  The  con- 
sideration of  traversing-gear  and  feed-motions  in  detail  belongs  to 
the  subject  of  the  construction  of  machinery,  and  must  therefore 
4>e  deferred. 

^Section  I. — Of  Engaging,  Disengaging,  and  Reversing-Gear. 

259.  General  Explanation*.— Engaging  and  Disengaging-Gear,  or 
sometimes  Disengaging  and  Re-engaging-Gear,  is  the  name  given  to 
those  contrivances  by  means  of  which  the  connection  between  a 
follower  and  its  driver  can  be  begun  and  stopped  at  will ; — in  other 
words,  by  means  of  which  the  combination  can  be  thrown  into  gear 
and  out  of  gear  when  required.  For  brevity's  sake,  such  con- 
trivances may  be  called  simply  Disengagements.  Disengagements 
may  be  classed  in  difFereut  ways.  According  to  one  mode  of 
classification,  they  are  distinguished  into  those  which,  in  the  com- 
munication of  motion,  act  by  pressure,  and  those  which  act  by 
friction.  Disengagements  which  act  by  pressure  are  precise  and 
definite  in  their  action ;  that  is,  the  connection  between  the  pieces 
that  are  thrown  into  gear  at  a  given  instant  is  established  at  once, 
in  a  certain  definite  position  of  the  pieces,  and  with  a  certain 
-definite  velocity-ratio.  Disengagements  which  act  by  friction 
are  to  a  certain  extent  indefinite  in  their  action ;  that  is,  the, 
velocity-ratio  corresponding  to  the  complete  establishment  of  the 
•connection  is  produced  by  degrees ;  and  the  relative  position  of  the 
pieces  when  the  connection  is  completely  established  is  uncertain. 
In  certain  cases  the  definite  action  of  the  former  class  of  disen- 
gagements is  necessary :  in  other  cases  it  is  unnecessary;  and  in 
these  the  frictional  class  of  disengagements  have  a  great  advantage, 
because  of  their  avoiding  the  shocks  and  straining  actions  which 
accompany  sudden  changes  of  velocity.  The  principles  upon ; 
which  such  straining  actions  depend  belong  to  the  dynamics  of 
machinery. 
By  another  mode  of  blaaaificja&um,  disengagements  are  arranged 
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according  to  the  kind  of  mechanism  of  which  they  consist,  as 
follow  8 : — 

I.  Disengagements  by  means  of  Couplings;  where  two  pieces 
that  turn  about  one  axis  are  coupled  or  uncoupled  at  pleasure;  so 
that  when  coupled,  they  turn  as  one  piece.  These  may  transmit 
motion  either  by  pressure  or  by  friction. 

II.  Disengagements  with  Rolling  Contact. — These  always  transmit 
-motion  by  friction. 

III.  Disengagements  xoith  Sliding  Contact. — These  transmit  motion 
by  pressure;  and  in  most  cases  they  act  by  throwing  toothed 
wheels  or  screws  into  and  out  of  gear. 

IV.  Disengagements  by  Bands  transmit  motion  by  friction. 

V.  Disengagements  by  Linkwork  transmit  motion  by  pressure. 

VI.  Disengagements  with  Hydraulic  Connection  transmit  motion 
by  the  pressure  of  a  fluid;  and  they  are  made  to  act  by  the  opening 
and  shutting  of  valves. 

lieversing-Gear  usually  consists  simply  of  a  double  set  of 
engaging  and  disengaging-gear ;  that  is  to  say,  an  arrangement  of 
mechanism  by  means  of  winch  the  follower  can,  when  required,  be 
thrown  into  gearing  with  one  or  other  of  two  drivers  that  drive  it 
in  opposite  directions,  or  may  be  disengaged  from  both. 

It  is  obvious  that  all  the  combinations  in  which  the  connection 
is  intermittent  (enumerated  in  Article  219,  page  231)  are 
examples  of  self-acting  disengagements;  and  that  some  of  them 
(such  as  the  escapements  described  in  Article  164,  pages  176  to 
179)  are  examples  of  self-acting  reversing-gear. 

260.  Clutch.-*  A  clutch  is  a  sort  of  coupling,  in  which  one 
rotating  piece  drives  another  piece  that  turns  about  the  same  axis, 
by  means  of  two  or  more  projecting  claws  or  horns,  that  fit  into 
corresponding  recesses,  or  lay  hold  of  corresponding  horns,  on  the 
second  piece.  In  a  disengaging  clutch  the  driving  piece  is  a 
cylindrical  box  or  collar  with  suitable  horns,  which  is  capable  of 
Easily  sliding  lengthwise  upon  a  rotating  shaft,  and  is  made  to 
rotate  constantly  along  with  the  shaft,  by  having  in  its  internal 
cylindrical  surface  a  slot  or  longitudinal  groove,  fitting  a 
longitudinal  key  or  feather  that  projects  from  the  shaft  In  the 
outer  cylindrical  surface  of  the  clutch  is  a  circular  groove,  into 
which  there  fit  easily  the  rounded  ends  of  the  prongs  of  a  forked 
hand-lever,  by  means  of  which  the  clutch  can  be  shifted  lengthwise 
on  the  shaft  through  a  distance  sufficient  to  engage  its  horns  with 
or  disengage  them  from  those  of  the  following  piece.  The  following 
piece  may  be  another  length  of  shaft,  turning  about  the  same  axis; 
or  it  may  be  a  wheel  or  a  pulley,  loose  upon  the  same  shaft  with 
the  clutch. 

Sometimes  the  acting  faces  of  the  clutch,  instead  of  being  planes 
traversing  the  axis  of  rotation,  are  inclined  backwaxda  &&Tt\!pxd&\taA 
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direction  of  motion  at  an  angle  of  15°,  or  thereabouts.  The 
effects  of  this  are,  that  m  certain  forward  pressure  must  be  continu- 
ally exerted  by  the  lever  on  the  clutch  when  in  gear,  in  order  to 
make  it  keep  its  hold ;  and  that  any  sudden  acceleration  of  one  of 
the  parts  of  the  coupling  causes  the  clutch  to  lose  its  hold,  and 
thus  prevents  the  transmission  of  a  shock  to  the  machinery  which 
is  driven  by  means  of  it. 

261.      Frlcf  ten-Clutch— FrlctteB-fJlMM— FrlctteM-Sectera— FrlcfllM* 

Disc*. — In  the  friction-clutch  the  following  piece  is  a  circular  disc* 
having  a  hoop  which  grasps  it,  and  which  can  be  tightened  or 
slackened  by  means  of  screws  until  the  friction  between  the  hoop 
and  the  disc  is  just  sufficient  to  transmit  the  required  power. 
The  hoop  has  two  projecting  horns,  corresponding  to  those  of  the 
clutch.  When  this  combination  is  thrown  into  gear,  the  clutch 
instantly  communicates  its  own  velocity  to  the  hoop;  but  the  hoop 
at  first  slips  on  the  disc,  which  is  set  in  motion  by  degrees;  and 
thus  dangerous  shocks  are  avoided. 

In  the  friction-cones  the  driver,  as  in  the  case  of  the  clutch,  is  a 
cylindrical  box,  turning  along  with  the  shaft,  and  capable  of  being 
shifted  lengthwise  by  means  of  a  hand-lever;  but  instead  of  horns, 
it  has  a  disc  with  a  rim  turned  to  a  very  accurate  and  smooth 
convex  conical  surface.  The  follower  is  a  disc  whose  rim  is  turned 
to  a  concave  conical  surface,  exactly  fitting  that  of  the  driver. 
When  the  driver  is  pushed  forward  by  means  of  the  lever,  so  as  to 
press  the  two  conical  surfaces  together,  it  gradually  imparts  its  rota- 
tion to  the  follower  by  means  of  the  frictiou  of  those  surfaces.  On 
drawing  back  the  driver  by  means  of  the  lever,  the  connection 
immediately  ceases. 

The  angle  of  obliquity  of  the  conical  surfaces  should  be  just 
great  enough  to  prevent  any  risk  of  their  becoming  jammed  against 
each  other,  so  as  to  prevent  disengagement;  and  for  that  purpose 
an  angle  of  10°  or  thereabouts  is  sufficient. 

In  the  frictional  sector  coupling  (invented  by  Mr.  Bodmer) 
the  follower  is  a  cylindrical  box,  loose  on  the  shaft,  and  carrying  a 
circular  disc-plate  with  a  hoop-shaped  rim.  The  inner  cylindrical 
surface  of  that  rim  is  turned  true  and  smooth.  The  driver 
consists  of  a  boss  fixed  on  and  turning  with  the  shaft,  and  carrying 
an  expanding  disc  composed  of  two  sectors,  with  true  and  smooth 
cylindrical  rims,  fitting  the  inner  surface  of  the  rim  of  the  followers. 
Those  sectors  can  be  simultaneously  moved  from  or  towards 
the  shaft  by  means  of  right  and  Jeft-handed  screws,  turned  by 
levers  and  links;  the  links  lie  parallel  to  the  shaft,  and  are  jointed 
to  a  collar  which  is  shifted  by  means  of  a  forked  lever,  as  in  the 
ordinary  clutch.  When  the  sectors  are  moved  outwards,  they  fit 
tightly  to  the  inside  of  the  hoop-shaped  rim  of  the  follower,  and 
by   their  friction   communicate  to  it  the  rotation  of  the   shaft 
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When  moved  inwards,  they  cease  to  touch  that  rim,  axS*11"6* 
connection  ceases.  (See  Fairbairn  On  MUlwork,  Part  II,  EditSL  or 
1863,  pp,  91,  92.)  ^ 

In  Mr.  R.  D.  Napier's  disengaging-gear  the  pushing  forward 
in  the  usual  way  of  a  cylindrical  clutch-box  causes  two  segmental 
pieces  to  grasp  between  them  a  drum  that  rotates  with  the  shaft,  and 
so  to  communicate  rotation  to  a  disc  to  which  they  are  attached. 

In  the  friction-disc  disengagement  (Mr.  Weston's  invention)  a 
set  of  flat  discs  are  made  to  turn  along  with  the  shaft  by  means  of 
grooves  and  feathers,  and  are  capable  of  shifting  longitudinally  to 
it  small  extent.  Between  each  pair  of  that  first  set  of  discs  in 
placed  a  disc  belonging  to  a  second  set,  which  are  loose  on  the 
ahaft,  but  are  made  to  turn  along  with  it  when  required,  by  press- 
ing them  between  the  discs  of  the  first  set.  The  second  set  of  discs, 
by  means  of  grooves  and  feathers  at  their  outer  edges,  carry  along 
with  them  in  their  rotation  a  wheel  or  a  pulley  concentric  with 
the  shaft. 

262.   Dlftengaffemeafa    acting    by    Rolling    Contact. — A    pair    of 

wheels  acting  on  each  other  by  rolling  contact  may  be  engaged  and 
disengaged  when  required  by  pressing  them  together  and  drawing 
them  asunder,  the  axis  of  one  of  them  being  made  moveable  for 
that  purpose;  and  this  is  practised  in  grooved  frictional  gearing  of 
the  kind  described  in  Article  111,  page  150. 

The  principle  of  another  method  of  effecting  engagement  and 
disengagement  by  wheels  in  rolling  contact  is  shown  in  fig.  213. 


Fijr.  213. 


A  and  B  are  the  traces  of  the  fixed  axes  of  a  pair  of  smooth  wheel*, 
whose  surfaces  do  not  touch  each  other:  A  being  the  dtvs^t  wzAfe 
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directig£wer^  q  js  ^ne  faa^  0f  the  moveable  axis  of  an  intermediate 
ej*^wheel,  which  drives  B,  and  is  driven  by  A;  D  being  the  pitch- 
^Iflint  of  A  and  C,  and  E  the  pitch-point  of  C  and  B.  The  straight 
line  D  £  is  the  common  line  of  connection  of  the  three  wheels; 
and  as  pressure  only,  and  not  tension,  can  be  transmitted  along 
that  line  from  the  first  wheel  to  the  third  wheel,  the  connection 
ceases  if  the  motion  is  reversed.  To  disengage  the  wheels  while 
in  motion  forwards,  the  axis  C  is  shifted  so  as  to  put  an  end  to 
the  contact  at  D  or  at  E,  or  at  both  those  points. 

The  angles  of  obliquity,  C  D  E  =  C  E  D,  which  the  line  of 
connection  D  E  makes  with  the  two  lines  of  centres,  A  0  and 
B  C,  ought  to  be  a  little  greater  than  the  "  angle  of  repose  "  of  the 
surfaces  of  the  wheels,  in  order  that  the  wheel  C  may  not  become 
jammed  between  the  wheels  A  and  B;  but  it  ought  not  to  be 
greater  than  is  just  sufficient  to  prevent  the  risk  of  jamming;  in 
order  that  the  force  with  which  C  must  be  pressed  towards  A  and 
B  may  not  become  unnecessarily  great.  The  value  of  that  force 
and  of  the  angles  of  obliquity  will  be  considered  under  the  head 
of  the  "Dynamics  of  Machinery ;"  meanwhile,  in  anticipation  of  that 
division  of  this  treatise,  the  following  values  are  given  of  the  angle 
of  repose  for  different  surfaces  : — 

Cylindrical  surfaces  without  grooves. 

Metal  on  Metal ;  dry,  10°;  slimy,  8°;  greasy,  4°. 

Metal  on  Oak ;  diy,  28° ;  wet,  14°. 

Metal  on  Elm;  dry,  13°. 

Leather  on  Metal ;  dry,  29  £°;  wet,  20°;  greasy,  13°. 

Leather  on  Oak,  17°. 

Grooved  metal  surfaces,  as  in  frictional  gearing;  about  28°. 

The  construction,  therefore,  for  designing  this  disengagement  is  as 
follows : — Construct  an  isosceles  triangle  CDE,  with  the  angles  at 
D  and  E  each  a  little  greater  than  the  angle  of  repose;  produce 
C  D  and  C  E,  laying  off  upon  them  D  A  and  E  B  proportional  to 
the  radii  of  the  wheels  to  be  connected  ;  join  A  B.  Then  the  pro- 
portions borne  respectively  by  A  D,  B  E,  and  C  D,  to  A  B,  will 
be  those  which  the  radii  of  the  wheels  are  to  bear  to  the  line  of 
centres. 

263.  Disengagements  and  Rcvcr»iug-Gear  acting  by  Sliding  Con- 
tact.— A  pair  of  toothed  wheels,  whether  spur,  bevel,  or  skew- 
bevel,  may  be  thrown  into  or  out  of  gear  by  shifting  one  of  them 
Along  its  axis.  This  sorjt  of  disengagement  belongs  to  the  class  in 
which  motion  is  transmitted  by  pressure;  so  that  the  velocity-ratio 
and  the  relative  position  of  the  pieces  are  definite,  and  the  com- 
munication of  motion  abrupt.  Another  way  of  making  it  act  is 
to  have  the  wheels  always  in  gearing  with  each  other,  aud  to 
effect  the  engagement  and   disengagement  of  one  of  them  by 
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means  of  a  clutch  upon  the  shaft  that  carries  it;  as  in  ArfcJigure; 
page  295.  >^d  or 

The  most  common  kind  of  reversing-gear  which  acts  by  m 
of  toothed  wheels  is  shown  in  fig.  214;  A  is  the  driving-sh 
carrying  a  bevel-wheel  which  drives  in  contrary  directions  a  pair 
.bevel-wheels,  B,  C,  that  turn  loose 
on  the   driven  shaft,   D  D.     A 
/double  clutch,  E,   sliding  along 
a  feather  on  the  latter  shaft,  is 
made,  by  means  of  a  collar  and 
lever,  to  lay  hold  of  the  one  or 
the    other  of    the    bevel- wheels 
E,  C,  according  to  the  direction  in 
which    the     shaft    D    D   is    to 
rotate. 

264.   Disengagements    and    Kc- 
▼erstng-CSear     by     Honda.— When 

rotation  is  transmitted  from  one 

.shaft  to  another  by  means  of  a 

belt  and  a  pair  of  pulleys,  the 

form  of  engaging  and  disengaging- 

gear  employed  is  the  "fast  and 

loose  pulley  "  already  described  in 

Article  170,  pages  184  and  185. 

The  fork  mentioned  there  is  called 

a  belt-guide,  or  belt-shifler.     It  is 

■evident  that  the  contrivance  of  the  fast  and  loose  pulley  is  applicable 

to  belts  alone,  and  not  to  cords  and  chains. 

Reversing-gear  by  means  of  belts  with  fast  and  loose  pulleys  is 
arranged  in  the  following  way:  on  the  driven  shaft  is  one  fast 
pulley,  between  two  loose  pulleys,  one  for  each  of  the  two  belts, 
which  run  in  opposite  directions.  In  the  act  of  reversing  the 
motion,  care  should  be  taken  that  the  belt  which  has  been  driving 
the  fast  pulley  is  shifted  completely  on  to  its  own  loose  pulley 
before  any  part  of  the  other  belt  is  shifted  on  to  the  fast  pulley. 

A  method  of  engaging  and  disengaging  connection  by  bands, 
applicable  to  cords  as  well  as  to  belts,  is  to  tighten  and  slacken  the 
band  when  required,  by  means  of  a  straining  pulley,  as  already 
described  in  Article  174,  page  188. 

205.    Disengagement*  and  Rcrcming-Ocar  acting  by  Unit  work.—  • 

Amongst  disengagements  acting  by  linkwork  are  all  the  examples 
of  intermittent  linkwork  described  in  Article  194  to  197,  pages 
206  to  213;  and  in  most  of  those  examples,  besides  the  periodical 
disengagement  which  .takes  placa  at  each  return  stroke,  there 
exists  also  the  means  of  making  a  permanent  disengagement,  by 
fixing  the  click  or  catch  so  as  to  prevent  it  froi&tak\\^ta\&^t^* 


Fig.  214. 


GEOMETRY  OF  MACHINERY. 

direction  Gg.   146,   page   207  (described  at  page  208),  is   an 

eflejlple  0f  revereing-gear  in  link  work. 

ajjfln  ordinary  linkwork  (as  distinguished  from  click -and -ratchets 

ywork)  the  means  of  disengagement  consist  in  connecting  the  link 

j* with  the  pin  at  one  of  the  connected  points  by  means  of  a  gab 

f    (as  at  A,  tig.  215);  that  is,  a  deep  notch  wiMi  plane  sides  and  sr 

*  semi-cylindrical  bottom,  fit- 

Jt ting  the  pin  accurately  but 

^  easilv.    The  link  is  thrown 


out  of  gear  when  required,  by 
moving  the  gab  clear  of  the 
pin,  either  by  hand  or  by 
suitable  mechanism.  Sometimes  the  gab  is  provided  with  spread- 
ing jaws,  to  enable  it  the  more  easily  to  lay  hold  of  the  pin  when 
the  connection  is  to  be  re-engaged. 

Another  case  of  disengagement  by  linkwork  is  that  of  the  Jwoks 
in  a  Jacquard  loom.  At  each  shot  or  stroke  of  the  loom  there  are 
certain  threads  of  the  warp  that  have  to  be  raised  and  lowered 
again,  while  other  threads  remain  at  rest;  the  order  and  arrange- 
ment of  threads  so  treated  being  varied  at  each  shot,  in  a  manner 
depending  on  the  pattern  to  be  woven.  In  fig.  216,  B  C  is  a  hook, 
of  which  the  lower  end  is  connected  with  a  thread :  the  hook  is 
Art  kept  in  a  nearly  vertical  posi- 

;  tion  by  passing  easily  through 

;  a  hole  at  D  in  a  horizontal 

ji!^  sliding  -  bar,    D   E,   called  a 

0-5  Z"]\ •  needle;  and  the  hooked  upper 

v^     J;  end,  at  B,  overhangs  a  hori- 

zontal bar  or  rail,  A,  which  is 
carried  by  a  frame  having  a 
vertical  reciprocating  motion, 

| 1  of  the  extent  represented  by 

:— 2::Y~  O  I  A  A'.     In  the  position  shown 
;|*  *"■""■   by  full  lines  and  capital  letters 

;/  the  hook  stands  ready  to  be 

•/  lifted  by  the  rail  A ;  but  when 

;  the  needle  is  drawn  back  to 

Jli  the  position  d  e,  the  hook  is 

q  made  to  assume  the  position 

Fig.  216.  C  d  by  shown  in  dotted  lines, 

in  which  it  stands  disengaged 
from  the  rail,  and  remains  at  rest  during  the  next  stroke,  The 
needles  are  usually  drawn  back  by  means  of  springs,  and  pushed 
forward  by  the  forward  stroke  of  a  drum,  F,  which  turns  about  a 
horizontal  axis,  and  has  also,  along  with  that  axis,  a  reciprocating 
motion  in  the  direction  of  the  length  of  the  needles.     The  drum  is 
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of  the  form  of  a  polygonal  prism,  usually  square,  as  in  the  figure; 
its  acting  face  in  covered  with  an  oblong  card  (of  jiasteboard  or 
sheet  metal),  having  holes  in  it  opposite  the  ends  of  those  needles 
which  are  not  to  be  pushed  forward.  The  drum  does  not  rotate 
during  its  forward  stroke,  when  it  is  pushing  the  needles;  but 
during  the  return  stroke  a  catch  pulls  it  round  so  as  to  bring  a 
new  face  opposite  the  needles,  with  a  new  card  upon  it,  having  a 
proper  arrangement  of  holes  for  the  next  stroke.  The  cards,  in 
sufficient  number  to  produce  the  entire  pattern,  are  linked  together 
at  their  longer  edges,  so  as  to  form,  as  it  were,  a  fiat  chain,  which 
hangs  over  the  drum,  by  whose  rotation  they  are  brought  round 
one  by  one  to  act  on  the  ends,  E,  of  the  needles. 

The  Jacquard  Apparatus,  of  drum,  cards,  needles,  and  hooks,  may 
be  applied  to  many  purposes  besides  that  of  lifting  the  threads  of  a 
warp. 

266.  Disengagements  acting  by  Hydraulic  Connection — Valves. — 
When  the  driver  and  follower  are  two  pistons,  and  the  former  trans- 
mits motion  to  the  latter  by  means  of  an  intervening  mass  of  fluid 
(as  in  Articles  207  to  211a,  pages  221  to  227),  the  engagement 
and  disengagement  are  effected  by  opening  and  closing  a  valve  iu 
the  passage  through  which  the  displaced  fluid  flows :  as  has 
been  already  stated  in  Article  211,  page  224.  If  the  forward 
motion  of  the  driving  piston  is  to  go  on  while  the  valve  is  closed, 
some  other  outlet  must  be  opened  for  the  fluid  which  it  displaces. 

A  reversing  action  takes  place  in  hydraulic  connection,  when  a 
stream  of  fluid  is  admitted,  by  means  of  suitable  valves,  so  as  to  act 
alternately  on  the  two  sides  of  a  piston,  as  in  a  double-acting  water- 
pressure  engine. 

In  all  cases  in  which  the  motion  of  a  piston  driven  by  a  fluid  is 
reversed,  an  outlet,  with  a  suitable  valve,  must  be  provided  for  the 
escape  from  the  cylinder,  during  the  return  stroke,  of  the  mass  of 
fluid  by  which  the  previous  forward  stroke  was  produced. 

267.  Principles  of  the   Action  of  Vnlres.— It  would    be    out    of 

place  here  to  describe  in  detail  the  various  kinds  of  valves  used  in 
machinery;  and  therefore  a  summary  only  of  the  general  principles 
of  their  construction  and  action,  so  far  as  those  principles  can  be 
considered  as  forming  part  of  the  Geometry  of  Machines,  will  now 
be  given,  chiefly  abridged  from  A  Manual  oftlie  Steam  Engine  and 
oilier  Prime  Movers. 

Valves  in  general,  considered  with  reference  to  the  means  by 
which  they  are  moved,  may  be  divided  into  three  principal  classes: 
— Valves,  sometimes  called  clacks,  which  are  opened  and  shut  by 
the  pressure  of  the  fluid  that  traverses  their  openings,  and  are 
usually  intended  for  the  purpose  of  permitting  the  passage  of  the 
fluid  in  oue  direction  only,  and  stopping  its  return ; — valves  moved 
by  hand; — and  valves  moved  by  mechanism.      When.  &  ^i&tovt 
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drives  a  fluid,  as  in  ordinary  pumps,  the  valves  are  usually  moved 
by  the  fluid :  when  the  fluid  drives  the  piston,  it  is  in  general 
necessary  that  the  valves  should  be  moved  by  hand  or  by  mechan- 
ism. In  water-pressure  engines  that  work  occasionally  and  at 
irregular  intervals*,  such  as  hydraulic  hoists  and  cranes,  the  valves 
are  usually  opened  and  shut  by  hand;  in  those  which  work  periodi- 
cally and  continuously,  they  are  moved  by  mechanism  connected 
with  the  engine.  Valves,  when  considered  with  reference  to  the 
kind  of  motion  by  which  they  open  and  shut  the  ports,  or  orifices 
to  which  they  are  fitted,  may  be  distinguished  into  Drop-valves, 
which  are  opened  and  shut  by  being  lifted  up  and  set  down;  Flap- 
valves,  which  turn  on  a  hinge;  and  Slide-valves. 

The  seat  of  a  valve  is  the  fixed  surface  on  which  it  rests,  or 
against  which  it  presses. 

The/ace  of  a  valve  is  that  part  of  its  surface  which  comes  in 
contact  with  the  seat. 

When  a  valve  occurs  in  the  course  of  a  pipe  or  passage,  the  valve- 
box  or  chamber,  being  that  part  of  the  passage  in  which  the  valve 
works,  should  always  be  of  such  a  shape  as  to  allow  a  free  passage 
for  the  fluid  when  the  valve  is  open,  so  that  the  fluid  may  pass  the 
valve  with  as  little  change  of  area  of  the  stream  as  possible ;  and  if 
necessary  for  that  purpose,  the  valve-chamber  may  be  made  of 
larger  diameter  than  the  rest  of  the  passage. 

A  valve  moved  by  mechanism  has  almost  always  a  periodical 
reciprocating  motion,  by  which  it  is  alternately  opened  and  shut. 
The  simplest  mode  by  which  that  motion  can  be  given  is  by  a 
crank,  or  an  eccentric,  carried  by  some  continuously-rotating  piece, 
and  acting  through  a  rod ;  as  in  Articles  184  to  186,  pages  196  to  198  ; 
and  such  is  the  ordinary  way  of  moving  slide-valves.  Drop-valves 
are  sometimes  worked  by  the  same  kind  of  mechanism,  with  the 
addition  of  a  contrivance  for  setting  them  down  very  gently,  of  the 
kind  described  in  Article  190,  pages  202,  203;  or  by  means  of 
cams  or  wipers  (Articles  160  to  164,  pages  170  to  175). 

The  principal  forms  of  valves  are  the  following: — 

I.  The  Bonnet-  Valve  or  Conical  Valve  is  the  simplest  form  of 
drop- valve,  and  is  a  flat  or  slightly  arched  circular  plate  whose 
face,  being  formed  by  its  rim,  is  sometimes  a  frustum  of  a  cone, 
and  sometimes  a  zone  of  a  sphere,  the  latter  figure  being  the  best. 
Its  seat,  beiug  the  rim  of  the  circular  orifice  which  the  valve  closes, 
is  of  the  same  figure  with  the  face  or  rim  of  the  valve,  and  the 
valve-face  and  its  seat  are  turned  and  ground  to  fit  each  other 
exactly,  so  that  when  the  valve  is  closed  no  fluid  can  pass.  The 
thickness  of  a  valve  of  this  form  is  usually  from  a  fifth  to  a  tenth 
of  its  diameter,  and  the  mean  inclination  of  its  rim  about  45 J. 

To  ensure  that  the  valve  shall  rise  and  fall  vertically,  and  always 
return  to  its  seat  in  closing,  it  is  sometimes  provided  with  a  spindle, 


VALVES.  303 

moving  through  a  ring  or  cylindrical  socket  A  knob  on  the  end 
of  the  spindle  prevents  the  valve  from  rising  too  high.  When  the 
valve  is  to  be  moved  by  hand  or  by  mechanism,  the  spindle  may 
be  continued  through  a  stuffing-box,  and  connected  with  a  handle 
or  a  lever,  so  aa  to  be  the  means  of  transmitting  motion  to  the- 
valve. 

IL  The  Ball  Clack  is  a  drop-valve  of  the  form  of  an  accurately- 
turned  sphere.  When  of  large  size,  it  is  in  general  hollow,  in  order 
to  reduce  its  weight.  Its  luce  is  its  entire  surface:  its  seat  is  a, 
spherical  zone. 

III.  The  Divided  Conical  Valve  is  composed  of  a  series  of  con- 
centric rings.  The  largest  ring  may  be  considered  as  a  bonnet* 
valve,  in  which  there  is  a  circular  orifice,  forming  a  seat  for  a 
smaller  bonnet-valve,  in  which  there  is  a  smaller  circular  orifice, 
forming  a  seat  for  a  still  smaller  bonnet-valve,  and  so  on.  This 
arrangement  enables  a  large  opening  for  the  passage  of  fluid  to  be 
formed  with  a  moderate  upward  motion  of  each  division  of  the  valve. 

IV.  The  Double-beat  Valve  is  a  drop-valve  so  contrived  as  to 
enable  a  large  passage  for  a  fluid  to  be  opened  and  shut  easily  nnder 
a  high  pressure.  Fig.  217  represents  a  section  of  the  valve,  with 
its  seats  and  chamber,  and  fig.  218  a  plan  of  the  valve  alone. 

The  valve  shown  in  the  figure  is  for  the  purpose  of  opening  and 
shutting  the  communication  between  the  pipes  A  and  B. 


The  pipe  B  is  vertical,  and  its  upper  rim  carries  one  of  the  twoi 
valve-seats,  which  are  of  the  form  of  the  frustum  of  a  cone,  and 

each  marked  a. 
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A  frame  C,  composed  of  radiating  partitions,  fixed  to  and  resting 
on  the  upper  end  of  the  pi]>e  B,  carries  a  fixed  circular  disc,  whose 
rim  forms  the  other  conical  valve-seat. 

The  valve  D  is  of  the  form  of  a  turban,  and  has  two  annular 
conical  faces,  which,  when  it  is  shut,  rest  at  once  on  and  fit  equally 
close  to  the  two  seats,  a,  a.  When  the  valve  is  raised,  the  fluid 
passes  at  once  through  the  cylindrical  o]>ening  between  the  lower 
edge  of  the  valve  and  the  upper  edge  of  the  pipe  B,  and  through 
the  similar  opening  betweeu  the  upper  edge  of  the  valve  and  the 
rim  of  the  circular  disc. 

The  greatest  possible  opening  of  the  valve  is  when  its  lower  edge 
is  midway  between  the  disc  and  the  rim  of  the  pipe  B,  and  is  given 
by  the  following  formula  : — 

Let 

dx  be  the  diameter  of  the  pipe  B ; 

dp  that  of  the  disc ; 

h,  the  clear  height  from  the  pipe  to  the  disc,  less  the  thickness  of 
the  valve ; 

A,  the  greatest  area  of  opening  of  the  valve;  then 

A  -  31416  4-t-^-  h; (1.) 

and  in  order  that  this  may  be  at  least  equal  to  the  area  of  the  pipe 
B,  viz.,  '7854  c/J,  we  should  have 

h  at  lent  =  Hd*+  ^ (2.) 

which,  if,  as  is  usual,  dL  =  ck,  gives 

hut  least  =  -JL; (2  a.) 

but  h  is  in  general  considerably  greater  than  the  limit  fixed  by  this 
rule. 

If  the  upper  and  lower  seats  are  of  equal  diameter,  the  valve  is 
called  an  equilibrium-valve;  and  this  is  the  kind  of  double-beat 
valve  most  commonly  used  in  steam  engines.  In  water-pressure 
engines,  pumps,  and  hydraulic  apparatus  generally,  the  lower  valve- 
seat  is  generally  made  a  little  larger  than  the  upper. 

V.  A  common  Flap-  Valve  is  a  lid  which  opens  and  shuts  by 
turning  on  a  hinge.     The  face  and  seat  are  planes. 

A  pair  of  flap-  valves  placed  hinge  to  hinge  constitute  a  "butterfly 
clack.11  The  chamber  of  a  flap-valve  should  be  of  considerably 
greater  diameter  than  the  valve. 

VI.  A  Flexible  Flap-  Valve  consists  of  a  piece  of  some  flexible 
material,  such  as  waterproof  canvas  or  India  rubber.  It  may  be 
rectangular,  so  as  to  have  one  edge  fixed  to  the  seat,  and  the 
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opposite  edge  attached  to  a  bar,  by  moving  which  it  is  opened  and 
shut;  or  it  may  be  circular,  and  fixed  to  the  seat  at  the  centre; 
and  this  is  the  form  usually  adopted  for  self-acting  flexible  flap- 
valves  in  pumps.  The  seat  of  the  flap  consists  of  a  flat  horizontal 
grating,  or  a  plate  perforated  with  holes.  To  prevent  a  circular 
flap-valve  from  rising  too  high,  it  is  usually  provided  with  a  guard, 
which  is  a  thin  metal  cup  formed  like  a  segment  of  a  sphere,  grated 
or  perforated  like  the  valve-seat,  to  which  it  is  bolted  at  the  centre. 
When  the  valve  is  raised  by  a  current  from  below,  it  applies  itself 
to  the  bottom  of  the  cup.  When  the  current  is  reversed,  the  fluid 
from  above,  pressing  on  the  valve  through  the  holes  in  tbe  cup, 
drives  it  down  to  its  seat  again. 

VII.  The  Disc-and- Pivot  Valve,  or  Throttle- Valve,  consists  of  a 
thin  flat  metal  plate  or  disc,  which,  when  shut,  fits  closely  the 
opening  of  a  pipe  or  passage,  generally  circular  in  section,  but 
sometimes  rectangular.  The  valve  turns  upon  two  pivots  or 
journals,  placed  at  the  extremities  of  a  diameter  traversing  its 
centre. 

When  the  valve  is  turned  so  as  to  lie  edgeways  along  the  pas- 
sage, the  current  of  fluid  passes  with  very  little  obstruction :  when 
it  is  turned  transversely,  the  current  is  stopped,  or  nearly  stopped. 
By  placing  the  valve  at  various  angles,  various  openings  can  be 
made.  If  the  valve,  when  shut,  is  perpendicular  to  the  axis  of  the 
pij>e,  the  opening  for  auy  given  inclination  of  the  valve  to  that 
axis  is  proportional  to  the  cover sed- sine  of  the  inclination.  If  the 
valve  is  oblique  when  shut,  the  opening  at  a  given  inclination  is 
proportional  to  the  difference  between  the  sine  of  that  inclination 
and  the  sine  of  the  irtclination  when  shut. 

The  face  of  this  valve  is  its  rim;  its  seat  is  that  part  of  the 
internal  surface  of  the  passage  which  the  rim  touches  when  the 
valve  is  shut :  and  those  surfaces  ought  to  be  made  to  fit  verv 
accurately,  without  being  so  tight  as  to  cause  any  difficulty  in 
opening  the  valve. 

One  of  the  journals  of  the  valve  usually  passes  through  a  bush 
or  a  stuffing-box  in  the  pipe,  so  as  to  afford  the  means  of  commu- 
nicating motion  to  the  valve  from  the  outside. 

VIII.  Slide-  Valves. — The  seat  of  a  slide-valve  consists  of  a  plane 
metal  surface,  very  accurately  formed,  part  of  which  is  a  rim  sur- 
rounding the  orifice  or  port,  which  the  valve  is  to  close,  and  from 

-  to  -  of  the  breadth  of  that  orifice,  while  the  remainder  extends 

to  a  distance  from  the  orifice  equal  to  the  diameter  of  the  valve,  in 
order  that  the  valve,  when  in  such  a  position  as  to  leave  the  port 
completely  open,  shall  still  have  every  part  of  its  face  in  contact 
with  the  seat. 

The  valve  is  of  such  dimensions  as  to  cover  t\xe  \k>t\»  to^&bsst 
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■with  that  portion  of  the  seat  which  forms  a  rim  surrounding  the 
port.  The  face  of  the  valve  must  be  a  true  plane,  so  as  to  slide 
smoothly  on  the  seat  As  to  the  periodical  motion  of  slide- 
valves,  see  the  next  Article. 

Rotating  slide-valves  are  sometimes  used,  in  which  the  valve  and 
its  seat  are  a  pair  of  circular  plates,  having  one  or  more  equal  and 
similar  orifices  in  them.  The  passage  is  opened  by  turning  the 
valve  about  its  centre  until  its  openings  are  opposite  to  those  of 
the  seat,  and  shut  by  turning  it  so  that  its  openings  are  opposite 
solid  portions  of  the  seat.     (See  page  314.) 

IX.  A  Piston-  Valve  is  a  piston  moving  to  and  fro  in  a  cylinder, 
whose  internal  surface  is  the  valve-seat.  The  port  is  formed  by  a 
ring  or  zone  of  openings  in  the  cylinder,  communicating  with  a 
passage  which  surrounds  it;  and  by  moving  the  piston  to  either 
side  of  those  openings,  that  passage  is  put  in  communication  with 
the  opposite  end  of  the  valve-cylinder. 

X.  Cocks. — This  term  is  sometimes  applied  to  all  valves  which 
are  opened  and  shut  by  hand;  but  its  proper  application  is  to  those 
valves  which  are  of  the  form  of  a  frustum  of  a  cone,  or  conoid, 
turning  in  a  seat  of  the  same  figure. 

In  the  most  common  form  of  cock,  the  seat  is  a  hollow  cone  of 
slight  taper,  having  its  axis  at  right  angles  to  the  pipe  in  whose 
course  it  occurs.  The  valve  is  a  cone  fitting  the  seat  accurately, 
and  having  a  transverse  passage  through  it  of  the  same  figure  and 
size  with  the  bore  of  the  pipe,  so  thafc  in  one  position  it  forms 
simply  a  continuation  of  the  pipe,  and  offers  no  obstruction  to  the 
current,  while,  by  turning  it  into  different  angular  positions,  the 
opening  may  be  closed  either  partially  or  wholly. 

2G8.    Periodical  Motion  of  Slide- Vn Ire*. — The  motion   of  a  slide- 

valve  driven  by  a  crank  or  an  eccentric  is  a  case  of  approximate 
harmonic  motion,  as  already  described  in  Article  239,  page  250; 
and  in  most  cases  which  occur  in  practice,  it  may  be  treated,  with- 
out material  error,  as  if  it  were  exact  harmonic  motion :  that,  is 
to  say,  the  travel  or  length  of  stroke  of  tlie  slide  is  twice  the 
eccentric-arm;  the  slide  is  in  its  middle  position  when  the  eccentric- 
arm  is  sensibly  at  light  angles  to  the  line  of  its  dead-points; 
in  other  words,  when  the  phase  of  its  revolution  is  sensibly  90°; 
and  the  displacement  of  the  slide  from  its  middle  position  at 
any  given  instant  is  sensibly  equal  to  the  eccentric-arm  multiplied 
by  the  cosine  of  the  phase.  For  example,  in  fig.  220  (page  308), 
the  straight  line  F  A  L,  bisected  in  A,  represents  twice  the  eccen- 
tric-arm ;  so  that  A  F  and  A  L  respectively  represent  the  displace- 
ments of  the  slide  at  the  two  dead-points  of  the  revolution  of  the 
eccentric,  when  the  phase  is  respectively  0°  and  180°.  On  those 
two  lines  as  diameters  describe  two  equal  circles,  AHFGA, 
and  ANLPA;  then,  when  the  phase  is  =  ^rrFAD,  the  dis- 
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Fig.  219. 


placement  is  =  AG;  and  when  the  phase  is  =  z^PAM,  the 
displacement  is  =  A  N,  in  the  contrary  direction  to  that  of  the 
displacement  A  G. 

Under  the  geometry  of  machinery  are  comprehended  the  rules 
by  which  the  movement  of  the  slide-valve  of  an  engine  is  made  to 
bear  certain  relations  to  that  of  the  crank  with  which  the  piston 
is  connected.     The  following  are  terms  used  in  those  rules : — 

The  two  opposite  sides  of  the  port,  or  oblong  opening  in  the 
seat  of  a  slide-valve,  are  distinguished  as  the  induction-side  and  the 
eduction-side; — the  former  being  the  side  at  which  the  fluid  enters 
the  port;  the  latter,  the  side  at  which  it  is  discharged. 

The  lap,  or  cover,  of  a  slide-valve  at  one  of  its  edges  is  the  extent 
to  which  that  edge  overlaps  the  adjoining  edge  of 
the  port  which  it  covers  when  the  slide-valve  is 
in  its  middle  position.  In  fig.  219  is  a  section 
of  part  of  a  vertical  slide- valve  and  its  port; 
W  is  the  lower  port  of  a  cylinder;  X,  the 
lower  half  of  the  slide-valve,  in  its  middle 
position;  U  is  the  induction-side,  and  V  the 
eduction-side,  of  the  port;  C  is  the  induction- 
edge,  and  P  the  eduction-edge  of  the  valve;  U  C 
is  the  lap  on  the  induction-side,  and  V  P  the  lap  on  the  eduction- 
side:  the  hollow  part  of  the  valve  opposite  X  is  called  the  exhaust- 
cavity. 

It  is  evident  that  the  opening  and  closing  of  the  port  at  either 
side  take  place  at  the  instants  when  the  displacement  of  the  slide 
in  a  direction  away  from  that  side  is  equal  to  the  lap  at  that  side; 
and  that  the  port  remains  open  at  that  side  so  long  as  the  displace- 
ment in  the  proper  direction  is  greater  than  the  lap.  Thus,  the 
port  W  remains  open  at  the  side  U,  so  long  as  the  displacement  of" 
the  slide  towards  P  is  greater  than  TJ  C;  and  at  the  side  V,  so 
long  as  the  displacement  of  the  slide  towards  C  is  greater  than 
V  f\  If  the  lap  at  either  side  is  nothing,  the  opening  and  closing 
at  that  side  take  place  in  the  middle  position  of  the  slide;  and  the 
port  remains  open  at  that  side  during  half  a  revolution  of  the 
eccentric. 

The  instant  at  which  the  port  is  first  opened  at  the  induction- 
side  is  called  the  instant  of  admission;  that  at  which  it  is  closed, 
of  suppression,  or  cut-off;  that  at  which  it  is  first  opened  at  the 
eduction-side,  the  instant  of  release;  that  at  which  it  is  closed  at 
the  eduction-side,  the  instant  of  compression. 

By  the  angular  advance  of  the  eccentric  is  to  be  understood  the 
angle  at  which  the  eccentric-arm  stands  in  advance  of  that  position, 
which  would  bring  the  slide-valve  to  mid-stroke  when  the  crank  is 
at  its  dead-points:  in  other  words,  the  excess  above  90°  of  tha 
phase  of  the  eccentric  when  the  phase  of  the  ctbv>\  Ha  OP  \  ox  \x^ 
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A  L  as  diameters,  draw  circles.  About  A,  with  a  radios  equal  to 
the  lap  at  the  induction-side,  draw  an  arc  cutting  the  circle  on 
A  F  in  H  and  G;  also,  with  a  radius  equal  to  the  lap  at  the 
eduction-side,  draw  an  arc  cutting  the  circle  on  A  L  in  N  and  P. 
Draw  the  straight  lines  A  H  E,  A  G  D,  A  N  M,  A  P  Q.  These 
will  represent  respectively  the  positions  of  the  crank  at  the  instants 
of  admission,  cut-off,  release,  and  compression. 

The  eccentric  may  act  on  the  slide,  not  directly,  but  through  a 
train  of  levers  and  linkwork.  The  effect  of  this  on  the  application 
of  the  rides  is  merely  to  substitute  for  the  actual  eccentric-arm  a 
virtual  eccentric-arm  equal  to  the  half-travel  of  the  slide. 

The  effects  of  the  link-motion,  of  double  slides,  and  of  move- 
able slide-valve  seats,  in  modifying  the  length  and  position  of  the 
virtual  eccentric-arm,  have  been  already  described  in  Articles  239 
to  241,  pages  250  to  260. 

Section  II. — Of Adjustments  for  Cluinging  Speed  and  Stroke. 

2G9.  General  Explanation*. — All  methods  of  changing  the  velo- 
city-ratio of  an  elementary  combination  in  a  machine  operate  by 
changing  the  position  of  their  line  of  connection ;  for  on  the  posi- 
tion of  that  line  the  velocity-ratio  depends,  according  to  the  principle 
already  explained  in  Article  91,  page  78.  In  some  cases  the 
combination  contains  two  or  more  pairs  of  acting  surfaces  (such  as 
wheels  or  pulleys),  one  or  other  of  which  can  be  thrown  into  gear 
according  to  the  velocity-ratio  required ;  and  then  it  is  in  general 
necessary  to  stop  the  motion  in  order  to  change  the  velocity-ratio. 
In  other  cases  there  are  contrivances  for  changiug  the  velocity-ratio 
by  degrees  while  the  machine  is  in  motion. 

In  the  case  of  linkwork  the  change  of  velocity-ratio  is  often 
connected  with  a  change  of  length  of  stroke. 

Many  of  the  most  ordinary  and  useful  adjustments  for  changing 
speed  have  already  been  described  under  the  head  of  elementary 
or  of  aggregate  combinations ;  and  in  such  cases  it  will  be  suffi- 
cient in  the  present  section  to  refer  to  the  place  where  the  detailed 
description  is  to  be  found. 

Adjustments  for  changing  speed,  like  engaging  and  disengaging- 
gear,  may  in  most  cases  be  distinguished  into  two  classes,  according 
as  the  connection  is  made  by  pressure  or  by  friction.  In  the  former 
case  the  change  of  velocity-ratio  is  definite,  and  in  most  instances 
sudden ;  in  the  latter  case,  gradual,  and  to  a  certain  extent  indefinite. 

270.   Changing  Speed  by  Frictlon-Wheela.— To  obtain  changes  of 

speed  by  means  of  friction- wheels,  a  pair  of  parallel  shafts  are  to  be 
provided  with  as  many  pairs  of  wheels  as  there  are  to  be  different 
velocity-ratios;  each  pair  of  wheels  being  connected  with  each 
other,  not  directly,  but  by  means  of  an  intermediate  idle  wheel, 
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Fig.  221. 


which  can  be  thrown  into  or  out  of  gear  at  pleasure,  as  in  the 
second  method  of  disengagement  described  in  Article  262,  page 
297;  the  only  difference  being  that  whereas  in  that  Article  the 
two  principal  wheels  of  the  pair  are  described  as  being  equal,  in 
the  present  case  they  will  in  general  be  unequal.  The  rule  as  to 
the  obliquity  of  the  line  of  connection  is  the  same.  (See  page  298.) 
A  combination  of  friction- wheels  in  which  the  velocity-ratio 
is  changed  by  degrees  during  the 
motion,  is  shown  in  fig.  221.  (It 
forms  part  of  Morin's  Integrating 
Dynamometer.)  A  is  a  plane  cir- 
cular disc,  turning  about  an  axis 
peq>endicular  to  its  own  plane.  B 
is  a  wheel  driven  by  the  friction  of 
the  disc  against  its  edge;  and  it  turns 
about  an  axis  that  cuts  the  axis  of  A  at  right  angles.  The  angu- 
lar velocity  of  B  varies  proportionally  to  its  distance  from  the 
centre  of  A,  and  is  varied  by  altering  that  distance. 

27 1.    €  banging  Speed  by  Toothed  Wbccla. — The  Ordinary  method 

of  producing  precise  and  definite  changes  of  the  angular  velocity- 
ratio  of  two  rotating  shafts  is  by  means  of  change-wheels :  that  is 
to  say,  there  are  several  pairs  or  trains  of  wheels,  suited  to  a  cer- 
tain series  of  velocity-ratios;  and  one  or  other  of  those  pairs  or 
trains  of  wheels  is  thrown  into  gear  according  to  the  comparative 
speed  that  is  wanted  at  the  time. 

Sometimes  the  wheels  are  made  so  as  to  be  put  on  the  shafts 
and  taken  off*  at  pleasure.  If  an  intermediate  idle  wheel  is  not 
used,  between  two  shafts  connected  by  pairs  of  change-wheels,  there 
must  be  as  mauy  pairs  of  change-wheels  as  there  are  different 
velocity-ratios;  because  the  sum  of  the  geometrical  radii  of  each 
pair  must  be  equal  to  the  line  of  centres;  but  by  the  help  of  an 
intermediate  idle  wheel,  any  two  wheels  which  are  not  so  large  as 
to  touch  each  other  may  be  put  into  connection;  so  that  by  a 
proper  choice  of  numbers  of  teeth,  the  number  of  different  ratios 
may  be  made  equal  to  the  product  of  the  number  of  different 
wheels  that  can  be  fitted  on  one  shaft  into  the  number  that  can 
be  fitted  on  the  other  after  the  first  has  been  fitted. 

Change- wheels  are  frequently  arranged  so  as  to  be  thrown  into 
or  out  of  gear  by  shifting  the  whole  series  longitudinally  along 
with  the  shaft  that  carries  them.  For  example,  in  fig.  222  A  A 
and  BB  are  a  pair  of  parallel  axes;  and  the  transverse  lines 
marked  1,  2,  3,  (fcc.,  represent  the  radii  of  two  series  of  change- 
wheels  carried  by  shafts  turning  about  those  axes  respectively. 
To  each  wheel  of  one  series  there  corresponds  a  wheel  in  the  other 
series,  marked  with  the  same  figure ;  and  any  such  pair  can  bo 
thrown  into  gear  when  required,  by  shifting  the.  abaft  A  Yo\i^\ft&- 
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nally.  To  place  the  wheels  on  the  shafts  so  as  to  occupy  the  least 
possible  space,  the  following  rules  are  to  be  observed : — Let  b  denote 
the  breadth  of  the  rim  of  a  wheel,  plus  a  small  allowance  for  clear- 
ance. Range  the  radii  of  the  wheels  on  A  in  such  a  manner  that 
the  greatest  shall  be  in  the  middle,  with  a  diminishing  series  on 
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each  side  of  it.  Then,  commencing  at  the  two  ends  of  the  double 
series,  make  the  two  endmost  intervals  between  the  middle  planes 

of  the  wheels  on  the  axis  A  (1  2  and  7  6  in  the  figure),  each  =  b; 

the  pair  of  intervals  next  them  (2  3  and  6  5  in  the  figure),  each 

=  2  b;  the  next  pair  (3  4  and  5  4),  each  =  3  b;  and  so  for  any 
number  of  intervals  that  may  be  required.  Then  make  the  in- 
terval between  the  middle  planes  of  each  pair  of  wheels  on  the  axis 
B  greater  by  one  breadth,  b,  than  the  corresponding  interval  on  the 
axis  A. 

272.  Changing  Speed  by  Bands  and  Pulley*. — The  most  convenient 
way  of  changing  the  velocity-ratio  of  rotation  of  a  jrnir  of  shafts, 
where  absolute  precision  in  the  ratio  is  not  required,  is  by  means 
ot  "speed-cones"  which  have  already  been  described  in  Article  175, 
page  185.  When  a  series  of  pulleys  is  used  with  radii  changing 
step  by  step,  the  motion  must  be  stopped  in  order  to  shift  the  band 
from  one  pair  of  pulleys  to  another;  and  this  is  applicable  to  cords 
as  well  as  to  belts.  When  tapering  conoidal  pulleys  are  used,  the 
belt  can  be  shifted,  and  the  velocity-ratio  gradually  changed,  while 
the  machinery  is  in  motion ;  and  this  is  applicable  to  belts  only. 

273.  Changing  stroke  in  Uukwork. — The  principles  upon  which 
the  length  of  stroke  in  linkwork  depends  have  been  explained  in 
Article  186,  page  197.  When  a  piece  receives  a  reciprocating 
motion  from  a  lever,  a  crank,  or  an  eccentric,  the  simplest  way  of 
changing  the  length  of  stroke  is  to  change  the  distance  of  the  con- 
nected point  in  the  lever,  crank,  or  eccentric,  from  its  axis  of 
motion.  In  the  case  of  a  continuously  rotating  crank  or  eccentric, 
this  can  be  done  by  means  of  an  adjusting  screw,  the  motion  being 
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stopped  when  an  alteration  is  to  be  made;  but  in  the  case  of  a 
reciprocating  lever,  ^the  pin  to  which  the  connecting-rod  is  jointed 
may  be  carried  by  a  stud,  capable  of  sliding  in  a  slot  in  the  lever, 
and  having  its  position  in  that  slot  adjusted  by  means  of  a  rod  and 
a  handle  which  can  be  shifted  while  the  machinery  is  in  motion. 
Sufficient  examples  of  the  latter  kind  of  action  have  already  been 
given  under  the  head  of  link-motions,  in  Article  240,  pages  253  to 
260. 

Fig.  223  represents  a  train  of  linkwork  proposed  by  Willis,  for 
adjusting  the  velocity-ratio 
and  comparative  length  of 
stroke  of  two  reciprocating 
points.  The  points  to  be 
connected  are  marked  D 
and  E;  and  D  A  and  E  A 
arc  their  lines  of  stroke, 
intersecting  each  other  in 
A.  A  B  is  a  train-arm 
centred  at  A,  and  capable 
of  being  adjusted  to  any 
required  angular  position. 
At  B,  the  other  end  of  the 
train-arm,  is  centred  the 
reciprocating  lever  B  C, 
equal  in  length  to  B  A,  and 
connected  with  the  points 
D  aud  E  by  the  links  C  D 
and  C  E. 

While  the  lever  B  C  oscillates  through  a  small  angle  to  either 
side  of  B  A,  the  motions  of  D  and  E  are  very  nearly  equal  to  the 
component  motions  of  C  along  A  D  and  A  E  respectively ;  that  is 
to  say,  we  have,  at  any  given  instant,  the  following  proportion 
very  nearly  exact : — 

Velocitv  of  C :  velocitv  of  D  :  velocity  of  E 
::         BA  :         BF  :         BG; 

in  which  B  F  and  B  G  denote  the  lengths  of  perpendiculars  let 
fall  from  BonAD  and  A E  respectively ;  and  the  same  propor- 
tions hold  veiy  nearly  for  the  lengths  of  stroke  of  those  three 
points;  hence  those  proportions  can  be  made  to  assume  any  re- 
quired value  while  the  mechanism  is  in  motion,  by  adjusting  the 
position  ot  the  train-arm  A  B. 

274.  Changing  Speed  with  Hydraulic  Connection.— The  com- 
parative speed  of  a  piston  driven  by  a  fluid  may  be  altered  by 
altering  the  number  of  driving-pistons  which  force  the  fluid  into 
the  cylinder  of  the  driven  piston  at  the  same  time.     For  qtoxn^Va* 


Fig.  223. 
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in  some  hydraulic  presses  it  is  desirable  to  diminish  step  bj  step 
the  ratio  which  the  velocity  of  the  press-plunger  bears  to  that  of 
the  pump-plungers;  and  that  is  done  by  forcing  water  into  the 
press-cylinder  at  first  by  means  of  several  pumps  at  once,  and 
diminishing  their  number  as  the  process  goes  on,  until  at  last  only 
one  is  kept  at  work. 


Addendum  to  Article  267,  Page  306. 

Slide-Valves. — Another  class  of  rotating  slide-valves  is  that  in 
which  the  seat  of  the  valve  forms  part  of  a  cylindrical  surface, 
usually  concave;  the  face  of  the  valve  forms  an  arc  of  a  correspond- 
ing cylindrical  surface,  convex  when  the  seat  is  concave ;  and  the 
reciprocating  motion  of  the  valve  takes  place  by  rocking,  or  oscillat- 
ing rotation,  about  the  axis  of  the  cylindrical  surfaces.  The  "  Cor- 
liss "  valves  are  an  example  of  this. 

A  straight-sliding  slide-valve  and  its  seat  are  also  sometimes  of 
a  cylindrical  form,  the  reciprocating  motion  taking  place  parallel 
to  the  axis  of  the  cylinder. 

There  are  instances  of  plane-faced  slide-valves  which  have  motions 
of  curvilinear  translation,  produced  by  aggregate  combinations  of 
linkwork :  for  example,  Hunt's  slide-valves. 


PAET  II. 

DYNAMICS  OF  MACHINERY. 


CHAPTER  I. 

SUMMARY  OF  GENERAL  PRINCIPLES. 
275.   Nature  and  Division  of  the  Subject. — In   the   present    Part 

of  this  work,  machines  are  to  be  considered  not  merely  as  modify- 
ing motion,  but  also  as  modifying  force,  and  transmitting  energy 
from  one  body  to  another.  The  theory  of  machines  consists  chiefly 
in  the  application  of  the  principles  of  dynamics  to  trains  of  mech- 
anism ;  and  therefore  much  of  the  present  part  of  this  treatise 
will  consist  of  references  back  to  Part  I.* 

There  are  two  fundamentally  different  ways  of  considering  a 
machine,  each  of  which  must  be  employed  in  succession,  in  order 
to  obtain  a  complete  knowledge  of  its  working. 

I.  In  the  first  place  is  considered  the  action  of  the  machine 
during  a  certain  period  of  time,  with  a  view  to  the  determination 
of  its  efficiency  ;  that  is,  the  ratio  which  the  useful  part  of  its 
work  bears  to  the  whole  expenditure  of  energy.  The  motion  of 
every  ordinary  machine  is  either  uniform  or  periodical;  and  there- 
fore the  principle  of  the  equality  of  energy  and  work  is  fulfilled, 
either  constantly,  or  periodically  at  the  end  of  each  period  or  cycle 
of  changes  in  the  motion  of  the  machine. 

II.  In  the  second  place  is  to  be  considered  the  action  of  the 
machine  during  intervals  of  time  less  than  its  period  or  cycle,  if 
its  motion  is  periodic,  in  order  to  determine  the  law  of  the  periodic 
changes  in  the  motions  of  the  pieces  of  which  the  machine  con- 
sists, and  of  the  periodic  or  reciprocating  forces  by  which  such 
changes  are  produced. 

The  present  Chapter  contains  a  summary  of  the  principles  of 
dynamics — that  word  being  taken  in  the  comprehensive  sense  in 
which  it  is  used  in  Thomson  and  Tait's  Natural  Philosophy,  to 

*  A  large  portion  of  the  present  Part,  and  especially  of  the  second  Chapter, 
although  originally  written  for  this  work,  has  already  apjieared  as  an  Intro- 
duction to  A  Manual  of  the  Steam  Engine,  and  other  Prime  Movers;  for  that 
hook,  would  have  been  incomplete  without  an  explanation  of  the  dynamical 
principles  of  the  action  of  machines  in  general* 
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denote  the  science  of  forces,  whether  employed  in  balancing  each 
other  or  in  producing  motion.  The  ensuing  Chapters  will  contain 
the  special  application  of  those  principles  to  machines. 

276.  Force* — Action  aad  Re-aciiou. — Every  force  is  an  action 
exerted  between  a  pair  of  bodies,  tending  to  alter  their  condition 
as  to  relative  rest  and  motion ;  and  it  is  exerted  equally,  and  in 
contrary  directions,  upon  each  body  of  the  pair.  That  is  to  say, 
if  A  and  B  be  a  pair  of  bodies  acting  mechanically  on  each  other, 
the  force  exerted  by  A  upon  B  is  equal  in  magnitude  and  contrary 
in  direction  to  the  force  exerted  by  B  upon  A.  This  principle  is 
sometimes  called  tJie  equality  of  action  and  re-action.  It  is  analo- 
gous to  that  of  relative  motion,  explained  in  Article  42,  page  21. 

The  forces  chieflv  to  be  considered  in  machines  are  the  follow- 

ing:— 

I.  Gravity,  exerted  between  the  parts  of  the  machine,  fixed  and 
moving,  and  the  whole  mass  of  the  earth.  The  action  of  the  earth 
on  the  machine  alone  requires  to  be  considered  in  practice;  for 
although  the  re-action  of  the  machine  on  the  earth  is  equal  and 
opposite,  the  enormous  mass  of  the  earth,  as  compared  with  the 
machine,  causes  the  effects  of  that  re-action  to  be  inappreciable. 
This  is  the  only  case  in  which  re-action  may  be  disregarded. 

I I.  Forces  exerted  between  parts  of  the  macltine  and  contiguous 
external  bodies,  solid  or  fluid.  Sometimes  those  bodies  support 
the  foundations  of  the  machine:  sometimes  thev  drive  the 
machinery ;  as  when  the  impulse  or  the  pressure  of  a  fluid  drives 
an  engine:  sometimes  they  are  moved  by  it;  as  in  the  lifting  of 
loads,  the  overcoming  of  friction  against  external  bodies,  the 
working  of  machine  tools,  Arc. 

III.  Forces  exerted  between  a  moving  piece  and  tlte  franv^  at 
their  bearing  surfaces.  These  forces  mav  be  distinguished  into 
pressure  and  friction.  By  the  pressures  exerted  by  the  bearings 
the  moving  piece  is  kept  in  its  proper  place  and  path ;  by  friction 
its  motion  is  resisted.  The  equal  and  opposite  re-actions  of  the 
moving  piece  on  the  frame  tend  to  strain  the  frame;  and  the 
making  of  the  frame  so  as  to  be  capable  of  bearing  them  involves 
questions  of  strength,  belonging  to  the  Third  Part  of  this  treatise. 

IV.  Forces  exerted  between  connected  moving  pieces*  These  too 
may  be  distinguished  into  pressure  and  friction. 

When  exerted  along  the  line  of  connection,  they  serve  to  trans- 
mit motion  and  motive  power;  when  exerted  transversely  to  it 
they  produce  either  a  straining  effect,  or  a  waste  of  mechanical 
work,  or  both.  Here  the  equality  of  action  and  re-action  is  of 
great  importance.  The  force  which  is  exerted  between  a  driver 
and  a  follower  along  their  line  of  connection  is  a  driving  force, 
otherwise  called  an  effort,  as  regards  the  motion  of  the  follower, 
mud  a  resistance  as  regards  the  motion  of  the  driver. 
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"V.  Forces  exerted  between  the  different  parts  of  one  piece, 
whether  6xed  or  moving.  These  constitute  the  stress,  by  which 
the  piece  resists  the  tendency  of  the  forces  applied  to  it  externally 
to  overstrain  it  or  to  break  it;  aud  they  belong  to  the  subject  of 
the  Thii-d  Part 

277.  Forces,  how  Determined  and  Expressed. — A  force,  as  re- 
spects one  of  the  two  bodies  between  which  it  acts,  is  determined, 
or  made  known,  when  the  following  three  things  are  known 
respecting  it:— first,  the  place,  or  part  of  the  body  to  which  it 
is  applied ;  secondly,  the  direction  of  its  action ;  thirdly,  its 
magnitude. 

The  Place  of  the  application  of  a  force  to  a  body  may  be  the 
whole  of  its  volume,  as  in  the  case  of  gravity;  or  the  surface  at 
which  two  bodies  touch  each  other,  or  the  bounding  surface 
between  two  parts  of  the  same  body,  as  in  the  case  of  pressure, 
tension,  shearing  stress,  and  friction. 

Thus  every  force  has  its  action  distributed  over  a  certain  space, 
either  a  volume  or  a  surface ;  and  a  force  concentrated  at  a  single 
point  has  no  real  existence.  Nevertheless,  in  investigations  respect- 
ing the  action  of  a  distributed  force  upon  the  position  and  move- 
ments, as  a  whole,  of  a  rigid  body,  or  of  a  body  which  without 
error  may  be  treated  as  rigid,  like  the  solid  parts  of  a  machine, 
fixed  or  moving,  that  force  may  be  treated  as  if  it  were  con- 
centrated at  a  point  or  points,  determined  by  suitable  pro- 
cesses ;  and  such  is  the  use  of  those  numerous  propositions  in  statics 
which  relate  to  forces  concentrated  at  points;  or  single  forces,  as 
they  are  called. 

The  Direction  of  a  force  is  that  of  the  motion  which  it  tends 
to  produce.  A  straight  line  drawn  through  the  point  of  applica- 
tion of  a  single  force,  and  along  its  direction,  is  the  line  op  action 
of  that  force. 

The  Magnitudes  of  two  forces  are  equal  when,  being  applied  to 
the  same  body  in  opposite  directions  along  the  same  line  of  action, 
thev  balance  each  other. 

The  magnitude  of  a  force  is  expressed  arithmetically  by  stating 
in  numbers  its  ratio  to  a  certain  unit  or  standard  of  force,  which 
for  practical  purposes  is  usually  the  weight  (or  attraction  towards 
the  earth),  at  a  certain  latitude,  and  at  a  certain  level,  of  a  known 
mass  of  a  certain  material.  Thus  the  British  unit  of  force  is  the 
standard  pound  avoirdupois;  which  is  the  weight,  in  the  latitude 
of  London,  of  a  certain  piece  of  platinum  kept  in  a  public  office. 
(See  the  Act  18  and  19  Vict.,  cap.  72;  also  a  paper  by  Professor 
"W.  H.  Miller,  in  the  Philosophical  Transactions  for  1856.) 

For  the  sake  of  convenience,  or  of  compliance  with  custom,  other 
uuits  of  weight  are  occasionally  employed  in  Britain,  bearing  certain 
ratios  to  the  standard  pound;  such  as — 
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The  grain  =  r»V*r  of  a  ponnd  avoirdupois. 
The  troy  pound  =  5,760  grains  =  0*82285714  pound  avoirdupois, 
The  hundredweight  =112  pounds  avoirdupois. 
The  ton  =  2,240  pounds  avoirdupois. 

The  French  standard  of  weight  is  the  kilogramme,  which  is  the 
weight,  in  the  latitude  of  Paris,  of  a  certain  piece  of  platinum  kept 
in  a  public  office.  It  was  originally  intended  to  be  the  weight  of 
a  cubic  decimetre  of  pure  water,  measured  at  the  temperature  at 
which  the  density  of  water  is  greatest — viz.,  4°*1  centigrade,  or 
39°*4  Fahrenheit,  and  under  the  pressure  which  supports  a  baro- 
metric column  of  760  millimetres  of  mercury;  but  it  is  in  reality  a 
little  greater. 

A  comparison  of  French  and  British  measures  of  weight  and  of 
size  is  given  in  a  table  at  the  end  of  this  volume. 

A  kilogramme  is  2*20462125  lbs.  avoirdupois. 
A  pound  avoirdupois  is  0*4535926525  of  a  kilogramme. 

For  scientific  purposes,  forces  are  sometimes  expressed  in 
Absolute  Units.  The  "Absolute  Unit  of  Force"  is  a  term  used  to 
denote  the  force  which,  acting  on  an  unit  of  mass  for  an  unit  of 
time,  produces  an  uuit  of  velocity. 

The  unit  of  time  employed  is  always  a  second. 

The  unit  of  velocity  is  in  Britain  one  foot  per  second;    in 

France  one  metre  per  second. 
The  unit  of  mass  is  the  mass  of  so  much  matter  as  weighs  one 
unit  of  weight   near  the   level  of  the  sea,   and    in   some 
definite  latitude. 
In  Britain  the  latitude  chosen  is  that  of  London;  in  France, 

that  of  Paris. 
In  Britain  the  unit  of  weight  chosen  is  sometimes  a  grain, 
sometimes  a  pound  avoirdupois;  and  it  is  equal  to  32*187 
of  the  corresponding  absolute  units  of  force.     In  France  the 
unit  of  weight  chosen  is  either  a  gramme  or  a  kilogramme, 
and  it  is  equal  to  9 -8U87  of  the    corresponding   absolute 
units  of  force.     Eacli  of  those  co-etficients  is  denoted  by  the 
letter  g. 
A  single  force  may  be  represented  in  a  drawing  by  a  straight 
line;  the  position  of  the  line  showing  the  line  of  action  of  the  force, 
and  an  arrow-head  its  direction;  a  point  in  the  line  marking  the 
point  of  application  of  the  force;  and  the  length  of  the  line  repre- 
senting the  magnitude  of  the  force. 

277  A.    Menftures  of  Force  nnd  I*/la»*. — If   bv  the    unit    of    force 

is   understood   the   weight   of  a   certain   standard,    such   as   the 
avoirdupois  pound,  then  the  mass  of  that  standard  is  1  -*-  g\  and 


31» 

the  unit  of  mass  is  g  times  the  mass  of  the  standard;  and  this 
is  the  most  convenient  system  for  calculations  connected  with 
mechanical  engineering,  and  is  therefore  followed  in  the  present 
•work. 

But  if  we  take  for  the  unit  of  mass,  the  mass  of  the  standard 
itself,  then  the  nnit  of  force  is  the  absolute  unit;  and  the  weight  of 
the  standard  in  such  units  is  expressed  by  g;  for  g  is  the  velocity 
which  a  body's  own  weight,  acting  unbalanced,  impresses  on  it 
in  a  second.  This  is  the  system  employed  in  many  scientific 
writings,  and  in  particular,  in  Thomson  aud  Tait's  Saturn!  /YuV- 
sophy.  It  has  great  advantages  in  a  scientific  point  of  view  :  but 
its  use  in  calculations  for  practical  purposes  would  be  inconvenient, 
because  of  the  prevailing  custom,  ot  expressing  forces  in  terms  of 
the  standard  of  weight. 

2 1  o.    Re«ritaat   aad    Component    F«rve« — Their   JIaxwitwde. — The 

Resultant  of  any  combination  of  f«>rc»*s  applied  to  one  body  i<  a 
single  force  capable  of  balancing  that  single  force  which  balances 
the  combined  forces;  that  is  to  say.  the  resultant  of  the  combined 
forces  is  equal  and  directly  op[osed  to  the  force  which  balances  the 
combined  forces,  and  is  enuivalenl  to  the  combined  forces  so  far  as 
the  balance  of  the  body  is  concerned.  The  combined  forces  are 
called  components  of  their  resultant. 

The  resultant  of  a  set  of  rnutnallv  balanced  forces  is  nothing. 

The  magnitudes  and  directions  of  a  resultant  force  and  of  its  cou> 
ponents  are  related  to  each  other  exactly  in  the  same  manner  with 
the  velocities  and  directions  of  resultant  and  compouent  motions; 
and  all  the  rules  of  Article  41.  piir^s  1*  to  21,  are  applicable  to 
forces  as  well  as  to  motion*,  and  need  ii"t  be  rej»eated  here. 

As  to  the  p<j«itisn  of  the  resultant,  if  the  components  act  through 
one  point,  the  resultant  acts  through  that  point  also;  but  if  the 
components  do  not  act  through  one  ]oint,  the  position  of  the 
resultant  is  to  be  found  bv  methods  which  will  be  stated  further 
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point ;  construct  a  triangle  whose  sides  make  the  same  angles  with 
each  other  that  the  directions  of  the  forces  do ;  the  proportions  of 
the  forces  to  each  other  will  be  the  same  with  those  of  the  cor- 
responding sides  of  that  triangle.  Unless  three  forces  act  in  one 
plane  and  through  one  point,  they  cannot  balance  each  other. 

To  solve  the  same  question  by  calculation ;  let  A,  B,  C,  stand 
for  the  magnitudes  of  the  three  forces ;  A  O  B,  B  O  C,  C  O  A,  for 
the  angles  between  their  directions;  then 

sin  B  O  C  :  sin  C  O  A  :  sin  A  O  B  :  :  A  :  B  :  C. 

Each  of  those  three  forces  is  equal  and  opposite  to  the  resultant 
of  the  other  two. 

III.  Polygon  of  Forces. — To  find  the  resultant  of  any  number 
(Fp  F2,  Fs,  «fcc.,  fig.  224),  of  forces  in  different  directions,  acting 
through  one  point,  O.  Commence  at  the  point  of  application,  and 
construct  a  chain  of  lines  representing  the  forces  in  magnitude, 
and  parallel  to  them  in  direction,  (0  A  =  and  ||  Fp  A  B  =  and 
J|  F2,  B  C  =  and  ||  F8,  «fcc.)     Let  D  be  the  end  of  that  chain ;  join 

O  D ;  this  will  represent  the  required 
resultant;  and  a  force  (F6)  equal  and 
opposite  to  O  D  will  balauce  the  given 
forces.  This  rule  applies  to  the  jnro- 
jection8  of  the  forces  on  any  given 
plane. 

To  solve  the  same  question  by  cal- 
culation instead  of  by  construction  : — 
IV.  (When  the  forces  act  in  one 
plane.)  Assume  any  two  directions  at  right  angles  to  each  other 
as  axes;  resolve  each  force  into  two  components  (X,  Y)  along  those 
axes;  take  the  resultants  of  those  components  along  the  two  axes 
separately  (2  X,  2  Y);  these  will  be  the  rectangular  components 
oft/ie  resultant  "R  of  all  Uie  forces;  that  is  to  say, 

R=y'|(2X)*  +  (2Y)s}; 

and  if  «  be  the  angle  which  R  makes  with  X, 


Tig.  224. 


cos  «  =  - 


X 

R  l 


sin  *  = 


2Y 
R* 


V.  (When  the  forces  act  in  different  planes.)  Assume  any 
three  directions  at  right  augles  to  each  other  as  axes;  resolve  each 
force  into  three  components  (X,  Y,  Z)  along  those  axes;  take  the 
resultants  of  the  components  along  the  three  axes  separately  (2  X, 
2Y;2  Z);  these  will  be  the  rectangular  components  of  tits  resultant 
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of  all  tlie  forces;  and  its  magnitude  and  direction  will  be  given  by 
the  following  equations: — 

R  =  a/   /  (2  X)2  +  (2  Y)2  +  (2  Z)2  1. 


cos  »  = 


2X 

R 


,      2Y  2Z 

;  cos  P  »  -  j£-;  cosy  =   -=p 


Fig.  225. 


279.  Couples. — In  fig.  225,  let  F,  F  represent  a  couple  of  equal, 
parallel,  and  opposite  forces,  applied  to  a  rigid  body,  and  not  acting 
in  the  same  line;  L,  the  perpendicular 
distance  between  their  lines  of  action; 
then  F  is  the  force  of  the  couple,  L  the  F 
arm,  span,  or  leverage;  and  the  product 
force  x  leverage  =  F  L  is  the  statical 
moment  of  the  couple,  which  is  right  or 
left-handed  according  as  the  couple  tends 
to  impress  right-handed  or  left-handed 
rotation  on  the  body  (Article  48,  page  25).  All  the  forces  which 
produce  and  resist  the  motion  of  rotating  pieces  in  a  machine 
act  in  couples.  Couples  of  equal  moment  acting  in  the  same 
direction  and  in  the  same  plane,  or  in  parallel  planes,  are  equivalent 
to  each  other. 

Comparison  of  Measures  of  Statical  Moment. 

Hilograxnmfetrea. 

Inch-lb.  = 0-011521 

12  =  1    Ft,-lb.  = 0-138254 

112=  9J  =       1  Inch-cwt.  = 1-29037 

1,344  =      112     =     12  =     1    Foot-cwt.  = 15-4844 

2,240  =      i86|  =     20  =     ig  =     1  Inch-ton  = 258074 

26,880  =  2,240    =  240  =  20    =  12  =  1  Foot-ton  =309-689 

I.  To  find  the  resultant  moment  of  auy  number  of  couples 
acting  on  a  rigid  body  in  the  same  plane,  or  in  ]>arallel  planes. 
Take  the  sums  of  the  right-handed  and  left-handed  moments 
separately ;  the  difference  between  those  sums  will  be  the  result- 
ant moment,  which  will  be  right-handed  or  left-handed  according 
to  the  direction  of  the  moments  whose  sum  is  the  greater. 

II.  To  represent  the  moment  of  a  couple  by  a  single  line.  Upon 
any  line  perpendicular  to  the  plane  of  the  couple,  set  off  a  length 
proportional  to  the  moment  (O  M,  tig.  225),  in  such  a  direction 
that  to  a  spectator  looking  from  O  towards  M  the  couple  shall 
seem  right-handed.     The  line  O  M  is  called  the  axis  of  the  couple. 

Couples  as  represented  by  their  axes  are  compounded  and  re- 
solved like  velocities,  and   like  single  forces,  by   U&  R\>\&&  <& 

Y 
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Fig.  22G. 


Article  41,  pages  18  to  21,  and  by  those  of  Article  278,  page 
319. 

III.  To  find  the  resultant  of  a  single  force,  F,  applied  to  a  rigid 
body  at  O,  and  a  couple,  M,  acting  on  the  same  body  in  the  same 

or  in  a  parallel  plane.     Conceive 
the  force   F   to   be  shifted  in 
that  plane,  parallel  to  itself,  to 
the  left  if  the  couple  is  right- 
handed,  to  the  right  if  the  couple 
is   left-handed,  through  a  dis- 
tance, O  A,  fouud  by  dividing 
M  by  F.     The   shitted   single 
force,  F  acting  through  A,  will 
be  the  resultant  required. 
(The  combination  of  a  single 
force  with  a  couple  acting  in  a  plane  perpendicular  to  the  line  of 
action  of  the  force  cannot  be  further  simplified.) 

IV*.  To  resolve  a  single  force  into  a  single  force  acting  in  a  dif- 
ferent but  parallel  line,  and  a  couple.  In  fig.  227,  let  F  be  the 
given  force  acting  in  the  line  E  D,  and  B  a  given  point  not  in  E  D. 
Through  B  conceive  a  pair  of  equal  and  contrary  forces  to  act  in 
a  line  parallel  to  E  D;  viz.,  +  F  equal  to  F  and  in  the  same 

direction ;  and  —  F  equal  to  F  and  in  the  con- 
trary direction;  also,  let  fall  B  A  perpendicular 
to  E  D.  Then  the  original  force  F  acting  through 
A  is  resolved  into  the  equal  aud  parallel  force  F 
acting  through  B,  and  the  couple  of  forces  F  and 
—  F,  with  the  arm  A  B  and  moment  Fx  AB; 
which  couple  is  right  or  left-handed  according  as 
B  lies  to  the  right  or  left  of  F,  relatively  to  a 
spectator  looking  in  the  direction  towards  which 
Facts. 

F  x  A  B  is  called  tfie  moment  of  tlie  force  F 
relatively  to  the  point  B;  or  relatively  to  the 
axis  O  X  traversing  B  in  a  direction  perpen- 
dicular to  the  plane  of  F  and  A  B;  or  relatively 
to  a  plane  traversing  B  perpendicularly  to  A  B. 
280.  Parallel  Forces. — I.  To  find  the  resultant  of  two  parallel 
forces.  The  resultant  is  in  the  same  plane  with,  and  parallel  to, 
the  components.  It  is  their  sum  or  difference,  according  as  they 
act  in  the  same  or  contrary  directions ;  and  in  the  latter  case  its 
direction  is  that  of  the  greater  component.  To  find  its  line  of 
action  by  construction,  proceed  as  follows  : — Fig.  228  representing 
the  case  in  which  the  components  act  in  the  same  direction,  fig. 
229  that  in  which  they  act  in  contrary  directions.  Let  A  D  and 
B  E  be  the  components.     Join  A  E  and  B  D,  cutting  each  other 


Fig.  227. 
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in  F.     In  B  D  (produced  in  fig.  229)  take  B  G  =  D  P.    Through 
G  draw  a  line  parallel  to  the  components;  this  will  be  the  line  of 


action  of  the  resultant  To  find  its  magnitude  by  construction: 
parallel  to  A  E,  draw  B  C  and  D  H,  cutting  the  line  of  action 
of  the  resultant  in  C  and  H;  C  H  will  represent  the  resultant 
required;  and  a  force  equal  and  opposite  to  C  H  will  balance  A  D 
and  B  E. 

To  find  the  line  of  action  of  the  resultant  by  calculation;  make 
either 

Ttn      AD    DB  BE-DB 

BG  =  — ^tt ;  or  D  G  =  - 


OH 


CH 


When  the  two  given  parallel  forces  are  opposite  and  equal,  they 
form  a  couple,  and  have  no  single  resultant. 

II.  To  find  the  relative  proportions  of 
three  parallel  forces  which  balance  each  other, 
acting  in  one  plane:  their  lines  of  action 
being  given.  Across  the  three  lines  of  action, 
in  any  convenient  position,  draw  a  straight 
line  A  C  B,  fig.  230,  and  measure  the  dis- 
tances between  the  points  where  it  cuts  the  J\ 
lines  of  action.  Then  each  force  will  be  pro- 
portional to  the  distance  between  the  lines 
of  action  of  the  other  two.  The  direction  of 
the  middle  force,  C,  is  contraiy  to  that  of  the 
other  two  forces,  A  and  B. 

In  symbols,  let  A,  B,  and  C  be  the  forces  \  then, 


Fig.  280, 
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A  +  B  +  C  =  0;AB:BC:CA::C:A:B. 

Each  of  the  three  forces  is  equal  and  opposite  to  the  resultant  of 

the  other  two;  and  each  pair  of  forces  are 
equal  and  opposite  to  the  components  of  the 
third.  Hence  this  rule  serves  to  resolve  a 
given  force  into  two  parallel  components 
acting  in  given  lines  in  the  same  plane. 

III.  To  find  the  relative  proportions  of  four 
parallel  forces  which  balance  each  other,  not 
acting  in  one  plane :  their  lines  of  action  being 
givea.    Conceive  a  plane  to  cross  the  lines  of 
Fig.  231.  action  in  any  convenient  position ;   and  in 

fig.  231  or  fig.  232,  let  A,  B,  C,  D  represent 
the  points  where  the  four  lines  of  action  cut  the  plane.     Draw  the 

six  straight  lines  joining  those  four  points  by 
pairs.     Then  the  force  which   acts  through  each 
point  will  be  proportional  to  the  area  of  the  triangle 
>B  formed  by  the  other  three  points. 

In  fig.  231  the  directions  of  the  forces  at  A,  B, 
and  C  are  the  same,  and  are  contrary  to  that  of 
the  force  at  D.     In  fig.  232  the  forces  at  A  and  D 
act  in  one  direction,  and  those  at  B  and  C  in  the 
contrary  direction. 
In  symbols, 

A  +  B  +  C  +  D  =  0; 

BCD:CD  A:D  AB:  ABC 


B       :       C      :       D. 


Each  of  the  four  forces  is  equal  and  opposite  to  the  resultant 
of  the  other  three;  and  each  set  of  three  forces  are  equal  and 
opposite  to  the  components  of  the  fourth.  Hence  the  rule  serves 
to  resolve  a  force  into  three  parallel  components  not  acting  in  one 
plane. 

IV.  To  find  the  Resultant  of  any  number  of  Parallel  Forces.  For 
the  magnitude  and  direction  of  the  resultant  take  the  algebraical 
sum  of  the  components  as  if  they  acted  along  one  line  (Article 
27j8,  page  319).  This  may  be  denoted  by  R  =  2  F.  For  the 
position  of  the  resultant  proceed  as  follows: — In  any  plane  per- 
pendicular to  the  lines  of  action  of  the  parallel  forces  take  an  axis 
of  moments  in  any  convenient  position.  Multiply  each  component 
force  (F)  by  its  perpendicular  distance  (x)  from  that  axis,  so  as  to 
obtain  its  moment  (F  x)  relatively  to  the  axis.  Mark  tho.se 
moments  as  positive  or  negative  according  to  the  direction  in  which 
they  tend  to  turn  the  body  to  which  they  are  applied  about  the 
axis;  and  take  their  algebraical  sum,  which  will  be  the  resultant 
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moment  (M.  =  2*  Fa;).  Divide  the  resultant  moment  by  the  result- 
ant  force ;  the  quotient  will  be  the  perpendicular  distance  of  the 
line  of  action  of  the  resultant  from  the  axis  of  moments;  viz : — 

_M     S-Fa? 
^""R""    2F  ' 

The  algebraical  sign  of  this  distance  will  indicate  its  direction. 

Take  another  axis  of  moments  in  the  same  plane,  and  per- 
pendicular to  the  first  axis;  and  by  a  similar  operation  find  the 
perpendicular  distance  of  the  resultant  from  the  second  axis. 
The  position  of  the  resultant  will  then  be  completely  deter- 
mined. 

If  R  =  0,  the  resultant  is  a  couple.  If  M  =  0,  the  line  of 
action  of  the  resultant  traverses  the  axis  of  moments. 

281.  Specific  Gravity — HonvJnc«» — Density — Bnlklncss. — I.  Specific 

Gravity  is  the  ratio  of  the  weight  of  a  given  bulk  of  a  given  sub- 
stance to  the  weight  of  the  same  bulk  of  pure  water  at  a  standard 
temperature.  In  Britain  the  standard  temperature  is  62°  Fahr.  =- 
16°*67  Cent.  In  France  it  is  the  temperature  of  the  maximum 
density  of  water  =  3°*94  Cent.  r=  39°*1  Fahr. 

In  rising  from  39°*1  Fahr.  to  62u  Fahr.,  pure  water  expands  in 
the  ratio  of  1*001118  to  1 ;  but  that  difference  is  of  no  consequence 
in  calculations  of  specific  gravity  for  engineering  purposes. 

II.  The  Heaviness  of  any  substance  is  the  weight  of  an  unit  of 
volume  of  it  in  units  of  weight.  In  British  measures  heaviness  is 
most  conveniently  expressed  in  lbs.  avoirdupois  to  the  cubic  foot;  in 
French  measures,  in  kilogrammes  to  the  cubic  decimetre  (or  to  the  litre). 
The  values  of  the  heaviness  of  water  at  39°*1  Fahr.,  and  at  62° 
Fahr.,  are  respectively  62*425  and  62*355  lbs.  to  the  cubic  foot 

III.  The  Density  of  a  substance  is  either  the  number  of  units  of 
mass  in  an  unit  of  volume,  in  which  case  it  is  equal  to  the  heavi- 
ness,— or  the  ratio  of  the  mass  of  a  given  volume  of  the  substance 
to  the  mass  of  an  equal  volume  of  water,  in  which  case  it  is  equal 
to  the  specific  gravity.  In  its  application  to  gases,  the  term 
•*  Density"  is  often  used  to  denote  the  ratio  of  the  heaviness  of  a 
given  gas  to  that  of  air,  at  the  same  temperature  and  pressure. 

IV.  The  Bulkines8  of  a  substance  is  the  number  of  units  of 
volume  which  an  unit  of  weight  fills ;  and  is  the  reciprocal  of  Ote 
heaviness.  In  British  measures  bulkiness  is  most  conveniently 
expressed  in  cubic  feet  to  the  lb.  avoirdupois ;  in  French  measures, 
in  cubic  decimetres  (or  in  litre??)  to  tJie  kilogramme. 

Rise  of  temperature  produces  (with  certain  exceptions)  increase  of 
bulkiness.  "  The  following  are  examples  of  rates  of  expansion  in  bulk, 
in  rising  from  the  freezing  to  the  boiling  point  of  water:  that  is 
from  0°  Cent,  or  32°  Fahr.,  to  100°  Cent,  or  212°  Fahr.  The  linear 
expansion  of  a  solid  body  is  one-third  of  its  ex^xifc\oii\u>5vifiK~ 
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Perfect  gases,  0*365 ;  air  at  ordinary  pressures,  0*366 ;  water, 
0-04775;  spirit  of  wine,  0-1112  ;  mercury,  0*018153 ;  oil,  linseed 
and  olive,  0*08 ;  wrought  iron  and  steel,  0*0036  ;  cast  iron,  0*0033; 
copper,  0*0055;  bronze,  00054;  brass,  0*0065:  brick,  common, 
00106;  fire-brick,  00015;  glass,  0*0027. 

Table  of  Heaviness  and  Specific  Gravity. 

Weight  of  a  cubic 
foot  in 

Gases,  at  3  20  Fahr.,  and  under  one  atmosphere : —  lb-  •▼oWnpota. 

Air, 0*080728 

Carbonic  acid, 0*12344 

Hydrogen, 0*005592 

Oxygen, 0*089256 

Nitrogen, 0*078596 

Steam  (ideal), 0*05022 

Liquids,  at  3  20  Fahr.  (except  Water,  Weigbfoo?  t00"0  §g£}JLc 

which  is  taken  at  39°*i  Fahr.) : —  lbs.  avoirdupois.       pure  water  =  l 

Water,  pure,  at  39°i, 62*425  i*ooo 

„      sea,  ordinary, 64*05  1*026 

Alcohol,  pure, 49*38  0791 

„         proof  spirit, 57**8  0916 

jEther, 44"7o  0716 

Mercury, 84875  13*596 

Naphtha, 52*94  0*848 

Oil,  linseed, 58*68  0*940 

„    olive, 5712  0915 

„    whale, 57*62  0923 

„    of  turpentine, 54*31  0*870 

Petroleum, 54*8i  0878 

Solid  Mineral  Substances,  non-metallic : — 

Brick, 125  to  135  2  to  2*167 

Brickwork, 112  i*8 

Coal,  anthracite, 100  1*602 

„     bituminous, 77*4  to  89*9  1*24  to  1*44 

Coke, 62*43to  103*6  i*oo  to  i*66 

Glass,  crown,  average, 156  25 

»     flint>  •>       187  30 

„     green,         „       169  27 

„     plate,          „       169  27 

Granite, 164*10172  2*63  to  276 

Limestone  (including  marble),  169  to  175  27  to  2*8 

„          magnesian, 178  2*85 

Masonry, 116  to  144  185  to  2-3 
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Solid  Mineral  Substances,  non-  Wd*^j?lVmWo  2E8S? 

.                          '  foot  in  gravity, 

metallic — continued.  W  mTOirdupoii.       pure  water  =  L 

Mortar, 109  175 

Sand  (damp), 118  1-9 

„     (dry), 88-6  1-42 

Sandstone,  average, 144  2*3 

„         various  kinds, 130  to  157  2*08  to  2*52 

Metals,  solid : — 

Brass,  cast, 487  to  524*4  7*8  to  8*4 

„      wire, 533  854 

Bronze, 524  8*4 

Copper,  cast, 537  8*6 

„       sheet, 549  8*8 

„       hammered, 556  8*9 

Gold, 1 186  to  1224  19  to  196 

Iron,  cast,  various, 434  to  456  6*95  to  7*3 

„         average 444  711 

Iron,  wrought,  various, 47  4  to  487  7  *6  to  7  *8 

„            average, 480  7*69 

Lead, 712  11*4 

Platinum, 1311  to  1373  21  to  22 

Silver, 655  10*5 

Steel, 487  to  493  7*8  to  7-9 

Tin, 456  to  468  7*3  to  7*5 

Zinc, 424  to  449  6  8  to  7-3 

Timber  : — * 

Ash, 47  0*753 

Bamboo, 25  0*4 

Beech, 43  0*69 

Box. 60  0*96 

Elm, 34  0544 

Fir:  Ked  Pine, 30  to  44  0*48  to  07 

„       Spruce, 30  to  44  0*48  to  07 

„       American  Yellow  Pine,  29  0*46 

„       Larch, 31  to  35  0-5  to  0-56 

Mahogany,  Honduras, 35  0*56 

„           Spanish, 53  0*85 

Oak,  European, 43  to  62  0*69  to  099 

„     American,  Ked, 54  0*87 

Teak, 41  to  55  o*66  to  o*88 

Willow, 25  0*4 

Yew, 50  o*8 

*  The  Timber  in  every  cue  is  rmppoitfi.  to\*  toy. 
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Weight  of  Cubes,  Rods,  Plates,  Bars,  and  Spheres. 


Cubic 
Inch. 

lbs. 

Brass,  cast,  average, ...  0*298 

„     wire, 0*308 

Bronze, 0*303 

Copper,  sheet, 0*318 

„  hammered,....  0*322 
Iron,  cast,  average,....  0*257 
Iron, wrought, a verage,  0*278 

Lead, 0412 

Steel,  average, 0*283 

Tin,  average, 0*267 

Zinc,  average, 0*252 


b. 

Round 

Rod, 

1  ft  long 

1  in.  diam. 

lbs. 
2*8 1 
2*91 

286 

299 
303 

2*42 
2*62 
3'88 
2*67 
252 
238 


c. 

Square 

Bar, 

lft  xl 

in.  x  I  in. 

lba. 

3*58 
370 

364 
381 

3*86 

308 

333 

4*94 

340 
321 

303 


D. 

Plate, 

1  ft  x  1  ft 

xlin. 

lbs. 

43  0 

44*4 

437 

4575 

4<5*3 

37o 

40*0 

59'3 
408 

385 
3^*3 


Cubic 
foot 

lbs. 
516 

533 
524 
549 
556 

444 

480 

712 
490 
462 

436 


Sphere, 
linch 
diam. 


OT56 
0'l62 
OI59 

0*166 
0*168 
0134 
0*146 
0*216 
0*148 
0*140 

0132 


282.    Centre  of  GrnTily— OTomrnl  of  Weight.— RfJLE  I. — The  centre 

of  gravity  of  a  body  of  uniform  heaviness  is  its  centre  of  magnitude. 
(See  supplement  to  this  Chapter,  page  334.) 

Rule  II. — To  find  the  moment  of  a  body's  weight  relatively  to 
a  given  plane  of  moments  ;  multiply  the  weight  by  the  perpendicular 
distance  of  the  body's  centre  of  gravity  from  the  given  plane. 

Note. — In  comparing  together  or  combining  the  moments  of 
weights  which  lie  some  at  one  side  and  some  at  the  other  side  of  a 
plane  of  moments,  those  moments  are  to  be  distinguished  into 
positive  and  negative,  according  to  the  sides  of  the  plane  at  which 
the  weights  lie. 

Rule  III. — To  find  the  common  centre  of  gravity  of  a  set  of 
detached  bodies;  find  their  several  moments  relatively  to  a  con- 
venient fixed  plane ;  find  the  resultant  of  those  moments  by  adding 
together,  separately,  the  positive  and  negative  moments,  and  taking 
the  difference  between  the  two  sums,  which  will  be  positive  or 
negative  according  as  the  positive  or  negative  sum  is  the  greater. 
Divide  that  resultant  moment  by  the  total  weight ;  the  quotient 
will  be  the  perpendicular  distance  of  the  common  centre  of  gravity 
from  the  fixed  plane  *.  and  its  positive  or  negative  sign  will  show  at 
which  side  of  the  plane  that  centre  lies.  If  necessary,  repeat  the 
same  process  for  a  second  and  a  third  fixed  plane,  so  as  to  deter- 
mine the  position  of  the  required  centre  completely.  The  two  or 
three  planes  (as  the  case  may  be)  are  usually  taken  perpendicular 
to  each  other. 

Rule  IV. — To  find  the  centre  of  gravity  of  a  body  consisting  of 
parts  of  unequal  heaviness;  find  separately  the  centres  of  those 
parts,  and  treat  them  as  detached  weights  by  Rule  III. 
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283.  The  Centre  of  Pressure  in  a  plane  surface  is  the  point 
traversed  by  the  resultant  of  a  pressure  that  is  exerted  at  that 
surface. 

Rule. — Conceive  that  upon  the  pressed  surface  as  a  base,  there 
stands  a  prismatic  solid  of  a  height  at  each  point  of  that  surface 
proportional  to  the  intensity  of  the  pressure;  the  point  in  the 
pressed  surface  at  the  foot  of  a  perpendicular  from  the  centre  of 
magnitude  of  the  solid  (see  supplement  to  this  Chapter)  will  be  the 
centre  of  pressure. 

When  the  intensity  is  uniform,  the  centre  of  pressure  is  at  the 
centre  of  magnitude  of  the  pressed  surface. 

284.  The  Centre  of  Buoyancy  cf  a  solid  wholly  or  partly  immersed 
in  a  liquid  is  the  centre  of  gravity  of  the  mass  of  liquid  displaced. 
The  resultant  pressure  of  the  liquid  on  the  solid  is  equal  to  the 
weight  of  liquid  displaced,  and  is  exerted  vertically  upwards 
through  the  centre  ot  buoyancy. 

285.  The    Resultant    of    a   Distributed    Force- — I.    To  find   the 

resultant  of  a  body's  weight ;  find  the  centre  of  gravity  of  the  body  ; 
the  resultant  will  be  a  single  force  equal  to  the  weight,  acting 
vertically  downwards  through  the  centre  of  gravity. 

II.  To  find  the  resultant  of  a  pressure;  find  the  centre  of 
pressure  (as  in  Article  283);  the  resultant  will  be  a  single  force 
equal  in  amount  to  the  pressure,  and  acting  in  the  same  direction, 
and  through  the  centre  of  pressure.  The  amount  of  the  pressure 
is  equal  to  the  area  of  the  pressed  surface,  multiplied  by  the  mean, 
intensity  of  the  pressure,  and  is  also  equal  to  the  weight  of  the 
imaginary  prismatic  solid  mentioned  in  Article  283. 

286.  The  intensity  of  Pressure  is  expressed  in  units  of  weight  on 
the  unit  of  area:  as  pounds  on  the  square  inch,  or  kilogrammes- 
on  the  square  metre;  or  by  the  height  of  a  column  of  some 
fluid ;  or  in  atmospheres,  the  unit  in  this  case  being  the  average 
pressure  of  the  atmosphere  at  the  level  of  the  sea.  (See  Article 
302.) 

'2&7.  Principles  Relating  to  Varied  Motion. — An  unbalanced  force 
applied  to  a  body  produces  change  of  momentum  equal  in  amount 
to  and  coincident  in  direction,  with  the  impulse  exerted  by  the 
force.  Impulse  is  the  product  of  the  force  into  the  time  during 
which  it  acts  in  seconds.  Momentum  is  the  product  of  the  mass  of 
a  body  into  its  velocity  in  unite  of  distance  per  second.  As  to  the 
unite  of  force  and  of  mass,  sec  Article  277a,  page  318.  A  body 
receiving  an  impulse  re-acts  against  the  body  giving  the  impulse, 
with  an  equal  and  opposite  impulse.  The  following  are  rules  based 
on  the  equality  of  impulse  and  momentum : — 

I.  To  find  what  impulse  is  required  to  produce  a  given  change 
in  the  velocity  of  a  given  mass;  multiply  the  mass  by  the  change 
in  its  velocity,  in  units  of  distance  per  second. 
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(If  the  change  consists  in  acceleration,  the  impulse  must  be 
forward ;  if  in  retardation,  backward.) 

II.  To  calculate  what  unbalanced  effort  or  unbalanced  resist- 
ance, as  the  case  may  be,  is  required  to  produce  a  given  increase  or 
diminution  of  a  body's  speed  in  a  given  time  or  in  a  given  distance. 

Case  I. — If  the  time  is  given;  multiply  the  weight  of  the  mass 
by  its  change  of  velocity ;  divide  by  gy  and  by  the  time  in  seconds. 

Case  II. — If  the  distance  is  given ;  multiply  the  weight  of  the 
mass  by  the  change  in  the  half-square  of  its  velocity,  and  divide  by 
g,  and  by  the  distance.     (For  values  of  gy  see  page  318.) 

III.  To  find  the  re-action  of  an  accelerated  or  retarded  body; 
find  the  force  required  to  produce  the  change  of  velocity;  the 
re-action  will  be  equal  and  opposite. 

The  momentum  and  re-action  of  a  body  of  any  figure  undergoing 
translation  are  the  same  as  if  its  whole  mass  were  concentrated  at 
its  centre  of  gravity. 

The  principles  of  this  aud  the  following  Article  will  be  further 
explained  and  exemplified  in  the  next  Chapter. 

288.   Deflated  motion  and  Centrifugal  Force. — To  make  a  body 

move  in  a  curve,  some  other  body  must  guide  it  by  exerting  on  it 
a  deviating  force  directed  towards  the  centre  of  curvature.  The 
revolving  body  re-acts  on  the  guiding  body  with  an  equal  and 
opposite  centrifugal  force. 

To  find  the  deviating  and  centrifugal  force  of  a  given  mass 
revolving  with  a  given  velocity  in  a  circle  of  a  given  radius : — 
multiply  the  weight  of  the  mass  by  the  square  of  its  linear  velocity, 
and  divide  by  the  radius; — or  otJierwise:  multiply  the  mass  by  the 
square  of  its  angular  velocity  of  revolution,  and  multiply  by  the 
radius : — the  result  will  be  the  value  of  the  deviating  and  centri- 
fugal forces  in  absolute  units,  which  may  be  converted  into  units 
of  weight  by  dividing  by  g. 

The  resultant  centrifugal  force  of  a  rigid 'body  of  any  shape  is  the 
same  in  amount  and  direction  (though  not  the  same  in  distribution) 
as  if  the  whole  mass  were  collected  at  its  centre  of  gravity. 

288  A.  Falling  Bodies. — The  following  rules  apply  to  a  body  fall- 
ing without  sensible  resistance  from  the  air : — 

I.  To  find  the  velocity  acquired  at  the  end  of  a  given  time ; 
multiply  the  time  in  seconds  by  g  (see  page  318). 

II.  To  find  the  height  of  fall  in  a  given  time;  multiply  the 
square  of  the  time  in  seconds  by  ^  g  =  16*1  feet  =  4*904  metres. 

III.  To  find  the  height  of  fall  corresponding  (or  "due")  to  a 
given  velocity ;  divide  the  half-square  of  the  velocity  by  g. 

IV.  To  find  the  velocity  due  to  a  given  height;  multiply  the 
height  by  2  g,  and  extract  the  square  root. 

J2q  =  8*025  feet  =  4*429  m&rea. 
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Table  op  Heights  due  to  Velocities. 

v  =  Velocity  in  feet  per  second. 
h  =  Height  in  feet  =  v2  -j-  64*4. 

This  table  is  exact  for  latitude  54J°,  and  near  enough  to  exact- 
ness for  practical  purposes  in  all  parts  of  the  earth's  surface. 
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Supplement  to  Chapter  I. 

Rules  for  the  Mensuration  of  Figures  and  finding  of  Centres  of 

Magnitude. 

289.  To  measure  any  Plane  Area*— Draw  an  axis  or  base-line, 
A  X,  in  a  convenient  position.  The  most  convenient  position  is 
usually  parallel  to  the  greatest  length  of  the  area  to  be  measured. 
Divide  the  length  of  the  figure  into  a  convenient  number  of  equal 
intervals,  and  measure  breadths  in  a  direction  perpendicular  to  tha 
axis  at  the  two  ends  of  that  length,  and  at  tiba  igoYfita  *&  ^Sssuro^ 
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which  breadths  will,  of  course,  be  one  more  in  number  than  the 
intervals.  (For  example,  in  fig.  233,  the  length  of  the  figure  is 
divided  into  ten  equal  intervals,  and  eleven  breadths  are  measured 
at  b0,  bv  <fcc.)  Then  the  following  rules  are  exact,  if  the  sides 
of  the  figure  are  bounded  by  straight  lines,  and  by 
parabolic  curves  not  exceeding  the  third  degree,  and 
are  approximate  for  boundaries  of  any  other  figures. 
s['9  Rule  A.  ("Simpsons  First  Rule"  to  be  used 
|^»  when  the  number  of  intervals  is  even.) — Add  together 
the  two  endmost  breadths,  twice  every  second  inter- 
mediate breadth,  and  four  times  each  of  the  remain- 
ing intermediate  breadths;  multiply  the  sum  by  the 
common  interval  between  the  breadths,  and  divide  by 
3 ;  the  result  will  be  the  area  required. 

For  two  intervals  the  multipliers  for  the  breadths 
are  1,  4,  1;  for  four  intervals,  1,  4,  2,  4,  1 ;  for  six 
intervals,  1,  4,  2,  4,  2,  4,  1;  and  so  on.     These  are 
called  "Simpson's  Multipliers.* 
Fig.  233.  Rule  B.    ("Simpson's  Second  Utile"  to  be  used 

when  the  number  of  intervals  is  a  multiple  of  3.) — 
Add  together  the  two  endmost  breadths,  twice  every  third  inter- 
mediate breadth,  and  thrice  each  of  the  remaining  intermediate 
breadths;  multiply  the  sum  by  the  common  interval  between  the 
breadths,  and  by  3;  divide  the  product  by  8;  the  result  will  be 
the  area  required. 

"Simpson's  multipliers"  in  this  case  are,  for  three  intervals, 
1,  3,  3,  1;  for  six  intervals,  1,  3,  3,  2,  3,  3,  1;  for  nine  intervals, 
1,  3,  3,  2,  3,  3,  2,  3,  3,  1 ;  and  so  on. 

Rule  C.  ("  Mtrrijidds  Trapezoidal  Rule"  for  calculating  sepa- 
rately the  areas  of  the  parts  into  which  a  figure  is  subdivided  by 
its  equidistant  ordinates  or  breadths.) — Write  down  the  breadths 
in  their  order.  Then  take  the  differences  of  the  successive  breadths, 
distinguishing  them  into  positive  and  negative  according  as  the 
breadths  are  increasing  or  diminishing,  and  write  them  opposite 
the  intervals  between  the  breadths.  Then  take  the  differences 
of  those  differences,  or  second  differences,  and  write  them  opposite 
the  intervals  between  the  first  differences,  distinguishing  them  into 
positive  and  negative  according  to  the  following  principles : — 

First  Differences.  Second  Difference. 

Positive  increasing,  or  1  t>    ... 

XT      ..       ,.    .   .  ,b.*        > Positive. 

Negative  diminishing,  J 

Negative  increasing,  or  )  ^      . .  m 

Tk    •  j. •      j*    *  *i*  /•••••  •••.in esrati ve. 

Positive  diminishing,     j  6 

In  the  column  of  second  differences  there  will  now  be  two  blanks 
opposite  the  two  endmost  breadths;  those  blanks  are  to  be  filled  up 
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with  numbers  each  forming  an  arithmetical  progression  with  the 
two  adjoining  second  differences  if  these  are  unequal,  or  equal  to 
them  if  they  are  equal. 

Divide  each  second  difference  by  12;  this  gives  a  collection, 
which  is  to  be  subtracted  from  the  breadth  opposite  it  if  the  second 
difference  is  positive,  and  added  to  that  breadth  if  the  second 
difference  is  negative. 

Then  to  find  the  area  of  the  division  of  the  figure  contained 
between  a  given  pair  of  ordinates  or  breadths ;  multiply  tlte  half 
sum  ofifie  corrected  breadths  by  the  interval  between  tJieni. 

The  area  of  the  whole  figure  may  be  found  either  by  adding 
together  the  areas  of  all  its  divisions,  or  by  adding  together  the 
halves  of  the  end  most  corrected  breadths,  and  the  whole  of  the 
intermediate  breadths,  and  multiplying  the  sum  by  the  common 
interval. 

In  symbols,  let  y  be  an  actual  breadth,  and  ij  the  corresponding 

corrected  breadth  ;  then  y    =  y  —  =-=  A2  y* 

Rule  D.  ("Common  Trapezoidal  Utile"  to  be  used  when  a 
rough  approximation  is  sufficient.) — Add  together  the  halves  of  the 
end  most  breadths  and  the  whole  of  the  intermediate  breadths,  aud 
multiply  the  sum  by  the  common  interval. 

290.  To  IWcadarc  the  Volume  of  hiit  Solid. — METHOD  I.  By  Layers. 

— Choose  a  straight  axis  in  any  convenient  position.  (The  most 
convenient  is  usually  parallel  to  the  greatest  length  of  the  solid.) 
Divide  the  whole  length  of  the  solid,  as  marked  ou  the  axis,  into  a 
convenient  number  of  equal  intervals,  and  measure  the  sectional 
area  of  the  solid  upon  a  series  of  planes  crossing  the  axis  at  right 
angles  at  the  two  ends  and  at  the  points  of  division.  Then  treat 
those;  areas  as  if  they  were  the  breadths  of  a  plane  figure,  applying 
to  them  Rule  A,  B,  or  C  of  Article  289,  page  332 ;  and  the  result 
of  the  calculation  will  be  the  volume  required.  If  Rule  C  is  used, 
the  volume  will  be  obtained  in  separate  layers. 

Method  II.  By  Prisms  or  Columns  ("  Woof  leys  Rule"). — Assume 
a  plane  in  a  convenient  position  as  a  base,  divide  it  into  a  network 
of  equal  rectangular  divisions,  and  conceive  the  solid  to  be  built  of 
a  set  of  rectangular  prismatic  columns,  having  those  rectangular 
divisions  for  their  sectional  areas.  Measure  the  thickness  of  the 
solid  at  the  centre  and  at  the  middle  of  each  of  the  sides  of  each  of 
those  rectangular  columns;  add  together  the  doubles  of  all  the 
thicknesses  before-mentioned,  which  are  in  the  interior  of  the  solid, 
and  the  simple  thicknesses  which  are  at  its  boundaries;  divide  the 
sum  by  six,  and  multiply  by  the  area  of  one  rectangular  division 
of  the  base. 

291.  To  Bleaanre  the  length  of  any  Carre. — Divide  it  ill  to  &U<H& 

arcs,  and  measure  each  of  them  by  Rule  I  o£  A.t\.\c\fc  ^\^\»^  **&» 
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292.  Centre  of  magnitude — General  Principles* — By  the  magni* 

tude  of  a  figure  is  to  be  understood  its  length,  area,  or  volume, 
according  as  it  is  a  line,  a  surface,  or  a  solid. 

The  Centre  of  Magnitude  of  a  figure  is  a  point  such  that,  if  the 
figure  be  divided  in  any  way  into  equal  parts,  the  distance  of  the 
centre  of  magnitude  of  the  whole  figure  from  any  given  plane  is 
the  mean  of  the  distances  of  the  centres  of  magnitude  of  the  several 
equal  parts  from  that  plana 

The  Geometrical  Moment  of  any  figure  relatively  to  a  given  plane 
is  the  product  of  its  magnitude  into  the  perpendicular  distance  of 
its  centre  from  that  plane. 

I.  Symmetrical  Figure, — If  a  plane  divides  a  figure  into  two 
symmetrical  halves,  the  centre  of  magnitude  of  the  figure  is  in  that 
plane;  if  the  figure  is  symmetrically  divided  in  the  like  manner 
by  two  planes,  the  centre  of  magnitude  is  in  the  line  where  those 
planes  cut  each  other;  if  the  figure  is  symmetrically  divided  by 
three  planes,  the  centre  of  magnitude  is  their  point  of  intersection ; 
and  if  a  figure  lias  a  centre  of  figure  (for  example,  a  circle,  a  sphere, 
an  ellipse,  an  ellipsoid,  a  parallelogram,  <fcc),  that  point  is  its  centre 
of  magnitude. 

II.  Compound  Figure. — To  find  the  perpendicular  distance  from 
a  given  plane  of  the  centre  of  a  compound  figure  made  up  of  ]>arts 
whose  centres  are  known.  Multiply  the  magnitude  of  each  part 
by  the  perpendicular  distance  of  its  centre  from  the  given  plaue ; 
distinguish  the  products  (or  geometrical  moments)  iuto  positive  or 
negative,  according  as  the  centres  of  the  parts  lie  to  one  side  or  to  the 
other  of  the  plane ;  add  together,  separately,  the  positive  moments 
and  the  negative  moments :  take  the  difference  of  the  two  sums,  and 
call  it  positive  or  negative  according  as  the  positive  or  negative 
sum  is  the  greater;  this  is  the  resultant  moment  of  the  compound 
figure  relatively  to  the  given  plane ;  and  its  being  positive  or  nega- 
tive shows  at  which  side  of  the  plaue  the  required  centre  lies. 
Divide  the  resultant  moment  by  the  magnitude  of  the  compound 
figure;  the  quotient  will  be  the  distance  required. 

The  centre  of  a  figure  in  three  dimensions  is  determined  by 
finding  its  distances  from  three  planes  that  are  not  parallel  to  each 
other.  The  best  position  for  those  planes  is  perpendicular  to  each 
other;  for  example,  one  horizontal,  and  the  other  two  cutting  each 
other  at  right  angles  in  a  vertical  line.  To  determine  the  centre 
of  a  plane  figure,  its  distances  from  two  planes  perpendicular  to  the 
plane  of  the  figure  are  sufficient. 

293.  Centre  of  a  plane  Area.— To  find,  approximately,  the  centre 
of  any  plane  area. 

Rule  A. — Let  the  plane  area  be  that  represented  in  ^g.  233  (of 
Article  289,  page  332).  Draw  an  axis,  A  X,  in  a  convenient 
position,  divide  it  into  equal  intervals,  measure  breadths  at  the 
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ends  and  at  the  points  of  division,  and  calculate  the  area,  as  in 
Article  289. 

Then  multiply  each  breadth  by  its  distance  from  one  end  of  the 
axis  (as  A) ;  consider  the  products  as  if  they  were  the  breadths  of 
a  new  figure,  and  proceed  by  the  rules  of  Article  289  to  calculate 
the  area  of  that  new  figure.  The  result  of  the  operation  will  be 
the  geometrical  moment  of  the  original  figure  relatively  to  a  plane 
perpendicular  to  A  X  at  the  point  A 

Divide  the  moment  by  the  area  of  the  original  figure;  the 
quotient  will  be  the  distance  of  the  centre  required  from  the  plane 
perpendicular  to  A  X  at  A. 

Draw  a  second  axis  intersecting  A  X  (the  most  convenient 
position  being  in  general  perpendicular  to  A  X),  and  by  a  similar 
process  find  the  distance  of  the  centre  from  a  plane  perpendicular 
to  the  second  axis  at  one  of  its  ends;  the  centre  will  then  be 
completely  determined. 

Rule  B. — If  convenient,  the  distance  of  the  required  centre 
from  a  plane  cutting  an  axis  at  one  of  the  intermediate  points  of 
division,  instead  of  at  one  of  its  ends,  may  be  computed  as  follows : — 
Take  separately  the  moments  of  the  two  parts  into  which  that 
plane  divides  the  figure;  the  required  centre  will  lie  in  the  part 
which  has  the  greater  moment.  Subtract  the  less  moment  from 
the  greater;  the  remainder  will  be  the  resultant  moment  of  the 
whole  figure,  which  being  divided  by  the  whole  area,  the  quotient 
will  be  the  distance  of  the  required  centre  from  the  plane  of 
division. 

Remark. — When  the  resultant  moment  is  =  0,  the  centre  is  in 
the  plane  of  division. 

Rule  C. — To  find  the  perpendicular  distance  of  the  centre  from 
the  axis  A  X.  Multiply  each  breadth  by  the  distance  of  the 
middle  point  of  that  breadth  from  the  axis,  and  by  the  proper 
"  Simpson's  Multiplier,"  Article  285',  page  331 ;  distinguish  the 
products  into  right-handed  and  left-handed,  according  as  the  middle 
points  of  the  breadths  lie  to  the  right  or  left  of  the  axis;  take 
separately  the  sum  of  the  right-handed  products  and  the  sum  of 
the  left-handed  products;  the  required  centre  will  lie  to  that  side 
of  the  axis  for  which  the  sum  is  the  greater;  subtract  the  less  sum 
from  the  greater,  and  multiply  the  remainder  by  £  of  the  common 
interval  if  Simpson's  first  rule  is  used,  or  by  §  of  the  common 
interval  if  Simpson's  second  rule  is  used ;  the  product  will  be  the 
resultant  moment  relatively  to  the  axis  A  X,  which  being  divided 
by  the  area,  the  quotient  will  be  the  required  distance  of  the  centre 
from  that  axis.* 

•  The  rules  of  this  Article  are  expressed  in  symbols,  as  follows : — Let  x  and 
y  be  the  perpendicular  distances  of  any  point  in  the  plane  area  from  Vws* 
planes  perpendicular  to  the  area  and  to  each  other,  ami  xQ  m<l\j<i,0&fc^«t<« 
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Fig.  234. 


294.  Cmtrc  of  a  Toinmr. — To  find  the  perpendicular  distance  of 
the  centre  of  magnitude  of  any  solid  figure  from  a  plane  perpen- 
dicular to  a  given  axis  at  a  given  point,  proceed  as  in  Rule  A  of 
the  preceding  Article  to  find  the  moment  relatively  to  the  plane, 
substituting  sectional  areas  for  breadths;  then  divide  the  moment 
by  the  volume  (as  found  by  Article  290)  ;  the  quotient  will  be  the 
required  distance. 

To  determine  the  centre  completely,  find  its  distances  from  three 
planes,  no  two  of  which  are  parallel.  In  general  it  is  best  that 
those  planes  should  be  perpendicular  to  each  other. 

295.  Centre  of  Magnitude  of  a  Curved  EJue. — RULEA. — Tofind 

^  approximately  tJie  Centre  of  Magni- 

tude of  a  very  Flat  Curved-  Line. — 
j    In  ^g.  234,  let  A  D  B  be  the  arc. 
Draw  the  straight  chord  A  B,  which 
bisect  in  C ;  draw  C  D  (the  deflec- 
tion of  the  arc)  perpendicular  to 
A  B;  from  D  lay  off  D  E  =  £  C  D;  E  will  be  very  nearly  the 
centre  required. 

This  process  is  exact  for  a  cycloidal  arc  whose  chord,  A  B,  is 
parallel  to  the  base  of  the  cycloid.  For  other  curves  it  is  approxi- 
mate. For  example,  in  the  case  of  a  circular  arc,  it  gives  D  E  too 
email ;  the  error,  for  an  arc  subtending  GO0,  being  about  shf  of  the 
deflection,  and  its  proportion  to  the  deflection  varying  nearly  as 
the  square  of  the  angular  extent  of  the  arc. 

Rule  B. —  W/ien  the  Curved  Line  is  not  very  jlat,  divide  it  into 
very  flat  arcs;  find  their  several  centres  of  magnitude  by  Rule  A, 
and  measure  their  lengths ;  then  treat  the  whole  curve  as  a  com- 
pound figure,  agreeably  to  Rule  II.  of  Article  292,  page  334. 

296.  special  Figures. — I.  Triangle  (tig.  235). — From  any  two  of 

the  angles  draw  straight  lines  to  the  middle 
points  of  the  opposite  sides;  these  lines  will 
cut  each  other  in  the  centre  required; — or 
otherwise, — from  any  one  of  the  angles  draw 
a  straight  line  to  the  middle  of  the  opposite 
side,  and  cut  off  one-third  part  from  that  line, 

commencing  at  the  side. 
II.  Quadrilateral  (tig.  236). — Draw  the  two  diagonals  A  C  and 
B  D,  cutting  each  other  in  E  If  the  quadrilateral  is  a  parallelo- 
gram, E  will  divide  each  diagonal  into  two  equal  parts,  and  will 
itself  be  the  centre.  If  not,  one  or  both  of  the  diagonals  will  be 
<livided  into  unequal  parts  by  the  point  E.     Let  B  D  be  a  diagonal 

pendicular  distances  of  the  centre  of  magnitude  of  the  area  from  the  same 
plaues;  then 

_J/xdxdy        _ ffy dxdy 

*»"  '//dxdy9  *•"  //dxdy' 
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Fig.  236. 


that  is  unequally  divided.  From  D  lay  off  D  F  in  that  diagonal 
=  BE.  Then  the  centre  of  the  triangle  FAC,  found  as  in  the 
preceding  rule,  will  be  the  centre  required 

III.  Plane  Polygon. — Divide  it  into 
triangles;  find  their  centres,  and  measure 
their  areas;  then  treat  the  polygon  as  a 
compound  figure  made  up  of  the  triangles, 
by  Rule  II.  of  Article  292,  page  334. 

IV.  Prism  or  Cylinder  with  Plane 
Parallel  Ends. — Find  the  centres  of  the 
ends;  a  straight  line  joining  them  will  be 
the  axis  of  the  prism  or  cylinder,  and  the 
middle  point  of  that  line  will  be  the  centre  required. 

V.  Tetrahedron,  or  Triangular  Pyramid  (tig.  237). — Bisect 
any  two  opposite  edges,  as  A  D  and  ^ 

B  C,  in  E  and  F;  join  E  F,  and  bisect 
it  in  G ;  this  point  will  be  the  centre 
required. 

VI.  Any  Pyramid  or  Cone  with  a 
Plane  Base. — Find  the  centre  of  the 
base,  from  which  draw  a  straight  line 
to  the  summit;  this  will  be  the  axis  of 
the  pyramid  or  cone.  From  the  axis  Di 
cut  off  one-fourth  of  its  length,  begin- 
ning at  the  base;  this  will  give  the 
centre  required. 

VII.  Any  Polyhedron  or  Plane-faced  Solid. — Divide  it  into 
pyramids;  find  their  centres  and  measure  their  volumes;  then 
treat  the  whole  solid  as  a  compound  figure  by  Rule  II.  of  Article 
290. 

VIII.  Circular  Arc. — In  fig.  238,  let  A  B  be  the  arc,  and  C 
the  centre  of  the  circle  of  which  it  is  part. 

Bisect  the  arc  in  D,  and  join  C  D  and  A  B. 
Multiply  the  radius  C  D  by  the  chord  A  B, ' 
and  divide  by  the  length  of  the  arc  ADBj 
lay  oft*  the  quotient  C  E  upon  C  D ;  E  will  be 
the  centre  of  magnitude  of  the  arc. 

IX.  Circular  Sector,  C  A  D  B,  ^g.  238. 
— Find  C  E  as  in  the  preceding  rule,  and 
make  C  F  =  §  C  E;  F  will  be  the  centre  re- 
quired. 

X.  Sector  of  a  Flat  Ring. — Let  r  be  the  external  and  i*  the 

internal  radius  of  the  ring.     Draw  a  circular  arc  of  the  same 

2    t*  —  rz 
angular  extent  with  the  sector,  and  of  the  radios  -5  *  * — ~^f 

and  find  its  centre  of  magnitude  by  Rule  VIII. 

z 


Fig.  237. 


Fig.  238. 
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CHAPTER  IL 

OF  THE  PERFORMANCE  OF  WORK  BT  MACHINES. 

Section  I. — Of  Resistance  and  Work. 

297.  The  Action  of  »  machine  ia  to  produce  Motioa  against  Resist- 
ance. For  example,  if  the  machine  is  one  for  lifting  solid  bodies, 
such  as  a  crane,  or  fluid  bodies,  such  as  a  pump,  its  action  is  to 
produce  upward  motion  of  the  lifted  body  against  the  resistance 
arising  from  gravity;  that  is,  against  its  own  weight :  if  the 
machine  is  one  for  propulsion,  such  as  a  locomotive  engine,  its 
action  is  to  produce  horizontal  or  inclined  motion  of  a  load  against 
the  resistance  arising  from  friction,  or  from  friction  and  gravity 
combined :  if  it  is  one  for  shaping  materials,  such  as  a  planing 
machine,  its  action  is  to  produce  relative  motion  of  the  tool  and  of 
the  piece  of  material  shaped  by  it,  against  the  resistance  which  that 
material  offers  to  having  part  of  its  surface  removed ;  and  so  of 
other  machinea 

298.  Work.  (A.  M.t  513.) — The  action  of  a  machine  is  measured, 
or  expressed  as  a  definite  quantity,  by  multiplying  the  motion  which, 
it  produces  into  the  resistance,  or  force  directly  opposed  to  that 
motion,  which  it  overcomes;  the  product  resulting  from  that 
multiplication  being  called  wore. 

In  Britain,  the  distances  moved  through  by  pieces  of  mechanism 
are  usually  expressed  in  feet;  the  resistances  overcome,  in  pounds 
avoirdupois;  and  quantities  of  work,  found  by  multiplying  dis- 
tances in  feet  by  resistances  in  pounds,  are  said  to  consist  of  so 
many  foot-pounds.  Thus  the  work  done  in  lifting  a  weight  of  one 
pound,  through  a  height  of  one  foot,  is  one  foot-pound;  the  work 
done  in  lifting  a  weight  of  twenty  pounds,  through  a  height  of  one 
hundred  feet,  is  20  X  100  =  2,000  foot-pounds. 

In  France,  distances  are  expressed  in  metres,  resistances  overcome 
in  kilogrammes,  and  quantities  of  work  in  what  are  called  hilo- 
grammkres,  one  kilogrammetre  being  the  work  performed  in  lifting 
a  weight  of  one  kilogramme  through  a  height  of  one  metre. 

The  following  are  the  proportions  amongst  those  units  of  distance, 
resistance,  and  work,  with  their  logarithms ;— 
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Logarithm* 

One  metre  =  3-2808693  feet, 0-515989 

One  foot  =  0-30479721  metres, 1-484011 

One  kilogramme        =  2-20462  lbs.  avoirdupois, 0-343334 

One  lb.  avoirdupois  =  0-453593  kilogramme, 1-656666 

One  kilogrammetre   =  7-23308  foot-pounds, 0-859323 

One  foot-pound  =  0-138254  kilogramm&tres, 1-140^77 

299.  The  Rate  of  Work  of  a  machine  means,  the  quantity  of  work 
which  it  performs  in  some  given  interval  of  time,  such  as  a  second, 
a  minute,  or  an  hour  (A.  M.,  661).  It  may  be  expressed  in  units 
of  work  (such  as  foot-pounds)  per  second,  per  minute,  or  per  hour, 
as  the  case  may  be;  but  there  is  a  peculiar  unit  of  power  appro- 
priated to  its  expression,  called  a  horse-power,  which  is,  in  Britain, 

550  foot-pounds  per  second, 
or  33,000  foot-pounds  per  minute, 
or  1,980,000  foot-pounds  per  hour. 

This  is  also  called  an  actual  or  real  horse-power,  to  distinguish  it 
from  a  nominal  horse-power,  the  meaning  of  which  will  afterwards 
be  explained.  It  is  greater  than  the  performance  of  any  ordinary 
horse,  its  name  having  a  conventional  value  attached  to  it 

In  France,  the  term  force  i>e  cheval,  or  cheval-vapeur,  is 
applied  to  the  following  rate  of  work : — 

Foot-lbs. 
75  kilogrammetres  per  second    =  542j 

or  4,500  kilogrammetres  per  minute  =         32,549 
or  270,000  kilogrammetres  per  hour       =    1,952,932 

being  about  one-seventieth  part  less  than  the  British  horse-power. 

300.  Velocity. — If  the  velocity  of  the  motion  which  a  machine  causes 
to  be  performed  against  a  given  resistance  be  given,  then  the  pro- 
duct of  that  velocity  into  the  resistance  obviously  gives  the  rate  of 
work,  or  effective  power.  If  the  velocitv  is  given  in  feet  per  second, 
and  the  resistance  m  pounds,  then  their  product  is  the  rate  of  work 
in  foot-pounds  per  second,  and  so  of  minutes,  or  hours,  or  other 
units  of  time. 

It  is  usually  most  convenient,  for  purposes  of  calculation,  to 
express  the  velocities  of  the  parts  of  machines  either  in  feet  per 
second  or  in  feet  per  minute.  For  certain  dynamical  calculations 
to  be  afterwards  referred  to,  the  second  is  the  more  convenient 
unit  of  time :  in  stating  the  performance  of  machines  for  practical 
purposes,  the  minute  is  the  unit  most  commonly  employed. 
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Comparison  of  Different  Measures  of  Velocity. 

Miles  Feet  Feet  Feet 

per  hour.  per  second.        per  minute,        per  hocr. 

i  =1-46         =s     88         =   5280* 

0*6818  =1  =60  =    3600 

•  •  • 

0*01136       =   0*016       =3        1  =60 

•  •  •  • 

0*0001893   =   0*00027    =       0*016  =  1 

1  nautical  mile  ] 
per  hour,  or  >=  1*1508         =    1*683       «    101*27     =    6076 
"knot," j 

The  units  of  time  being  the  same  in  all  civilized  countries,  the  pro- 
portions amongst  their  units  of  velocity  are  the  same  with  those 
amongst  their  linear  measures. 

301.    Work  In  Tcrai»  of  Angular  Motion.    (A.  3f.,  593.) — When  a 

resisting  force  opposes  the  motion  of  a  part  of  a  machine  which 
moves  round  a  fixed  axis,  such  as  a  wheel,  an  axle,  or  a  crank,  the 
product  of  the  amount  of  that  resistance  into  its  leverage  (that  is, 
the  perpendicular  distance  of  the  line  along  which  it  acts  from  tho 
fixed  axis)  is  called  the  moment,  or  statical  momentf  of  the  resist- 
ance. If  the  resistance  is  expressed  in  pounds,  and  its  leverage  in 
feet,  then  its  moment  is  expressed  in  terms  of  a  measure  which 
may  be  called  a  foot-pound,  but  which,  nevertheless,  is  a  quantity 
of  an  entirely  different  kind  from  a  foot-pound  of  work.  (Seep.  321.) 
Suppose  now  that  the  body  to  whose  motion  the  resistance  is 
opposed  turns  through  any  number  of  revolutions,  or  parts  of  a 
revolution;  and  let  T  denote  the  angle  through  which  it  turns, 
expressed  in  revolutions,  and  parts  of  a  revolution;  also,  let 

2  *  -  6*2832 

denote,  as  is  customary,  the  ratio  of  the  circumference  of  a  circle  to 
its  radius.  Then  the  distance  through  which  the  given  resistance 
is  overcome  is  expressed  by 

the  leverage  X  2  «•  X  T ; 

that  is,  by  the  product  of  the  circumference  of  a  circle  whose  radius 
is  the  leverage,  into  the  number  of  turns  and  fractions  of  a  turn 
made  by  the  rotating  body. 

The  distance  thus  found  being  multiplied  by  the  resistance  over- 
come, gives  the  work  performed ;  that  is  to  say, 

The  work  performed 
s=  tJie  resistance  X  the  leverage  X  2  x  x  T. 
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But  the  product  of  the  resistance  into  the  leverage  is  what  is  called 
the  moment  of  the  resistance,  and  the  product  2  x  T  is  called  the 
angular  motion  of  the  rotating  body ;  consequently} 

T/ie  work  performed 
=  the  moment  of  the  resistance  x  the  angular  motion. 

The  mode  of  computing  the  work  indicated  by  this  last  equation 
is  often  more  convenient  than  the  direct  mode  already  explained  in 
Article  298. 

The  angular  motion  2  *■  T  of  a  body  during  some  definite  unit  of 
time,  as  a  second  or  a  minute,  is  called  its  angular  velocity;  that  is 
to  say,  angular  velocity  is  the  product  oft/ie  turns  and  fractions  of  a 
turn  made  in  an  unit  of  time  into  the  ratio  (2  «■  =  6*2832)  ofU\A 
circumference  of  a  circle  to  its  radius.     Hence  it  appears  that 

The  rate  of  work 
=  Hie  moment  oftlie  resistance  X  the  angular  velocity. 

302.    Work  In  Terms  of  Procure  and  Volume.   (A.  3f.9  517.) — If 

the  resistance  overcome  be  a  pressure  uniformly  distributed  over  an 
area,  as  when  a  piston  drives  a  fluid  before  it,  then  the  amount  of 
that  resistance  is  equal  to  the  intensity  of  the  pressure,  expressed 
in  units  of  force  on  each  unit  of  area  (for  example,  in  pounds  on 
the  square  inch,  or  pounds  on  the  square  foot)  multiplied  by  the 
area  of  the  surface  at  which  the  pressure  acts,  if  that  area  is  per- 
pendicular to  the  direction  of  the  motion ;  or,  if  not,  then  by  the 
projection  of  that  area  on  a  plane  j)erpendicular  to  the  direction  of 
motion.  In  practice,  when  the  area  of  a  piston  is  spoken  of,  it  is 
always  understood  to  mean  the  projection  above  mentioned. 

Now,  when  a  plane  area  is  multiplied  into  the  distance  through 
which  it  moves  in  a  direction  perpendicular  to  itself,  if  its  motion 
is  straight,  or  into  the  distance  through  which  its  centre  of  gravity 
moves,  if  its  motion  is  curved,  the  product  is  the  volume  of  the 
space  traversed  by  the  piston. 

Hence  the  work  performed  by  a  piston  in  driving  a  fluid  before 
it,  or  by  a  fluid  in  driving  a  piston  before  it,  may  be  expressed  in 
either  of  the  following  ways : — 

Resistance  x  distance  traversed 

=  intensity  of  pressure  x  ovrea  X  distance  traversed; 

=  intensity  of  pressure  x  volume  traversed. 

In  order  to  compute  the  work  in  foot-pounds,  if  the  pressure  is 
stated  in  pounds  on  the  square  foot,  the  area  should  be  stated  in 
square  feet,  and  the  volume  in  cubic  feet;  if  the  pressure  is  stated  in 
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pounds  on  the  square  inch,  the  area  should  be  stated  in  square  inches, 
and  the  volume  in  units,  each  of  which  is  a  prism  of  one  foot  in 

length  and  one  square  inch  in  area;  that  is,  of  =-jj  of  a  cubic  foot 

in  volume. 

The  following  table  gives  a  comparison  of  various  units  in  which 
the  intensities  of  pressures  are  commonly  expressed.    (A.  if.,  86.) 

Pounds  on  the  Pounds  on  the 

square  foot.  square  inch. 

One  pound  on  the  square  inch, 144  2 

One  pound  on  the  square  foot, 1  ii« 

One  inch  of  mercury  (that  is,  weight 

of  a  column  of  mercury  at  32° 

Fahr.,  one  inch  high), 7©'73  0*4912 

One  foot  of  water  (at  39°*1  Fahr.),         62*425  °*4335 

One  inch  of  water, 5*2021  0*036125 

One  atmosphere,  of  29*922  inches 

of  mercury,  or  760  millimetres,     2116*3  14*7 

One  foot  of  air,  at  32°  Fahr.,  and 

under  the  pressure  of  one  atmo- 
sphere,   0*080728  0*0005606 

One  kilogramme    on   the  square 

indtre, 0*204813  0*00142231 

One  kilogramme    on   the    square 

millimetre,  204813  1422*31 

One  millimetre  of  mercury, 2  -7 847  o*o  1 934 

303.   Algebraical  Expressions  for  Work.  (A.  J/.,  515,  517,  593.) — 

To  express  the  results  of  the  preceding  articles  in  algebraical  sym- 
bols, let 

a  denote  the  distance  in  feet  through  which  a  resistance  is  over- 
come in  a  given  time ; 

It,  the  amount  of  the  resistance  overcome  in  pounds. 
Also,  supposing  the  resistance  to  be  overcome  by  a  piece  which 
turns  about  an  axis,  let 

T  be  the  number  of  turns  and  fractions  of  a  turn  made  in  the 
given  time,  and  i  =  2  «■  T  =  6*2832  T  the  angular  motion  in  the 
given  time ;  and  let 

I  be  the  leverage  of  the  resistance ;  that  is,  the  perpendicular 
distance  of  the  line  along  which  it  acts  from  the  axis  of  motion ; 
so  that  8  =  il,  and  R I  is  the  statical  moment  of  the  resistance.  Sup- 
posing the  resistance  to  be  a  pressure,  exerted  between  a  piston  and 
a  fluid,  let  A  be  the  area  or  projected  area  of  the  piston,  and  p  the 
intensity  of  the  pressure  in  pounds  per  unit  of  area. 


wou.  943 


Then  the  following  expressions  all  give  quantities  of  week  in  the 
given  time  in  foot-pounds : — 

R*;  till;  pA>s;  ipJLL 

The  last  of  these  expressions  is  applicable  to  a  piston  turning  on 
an  axis,  for  which  I  denotes  the  distance  from  the  axis  to  the  centre 
of  gravity  of  the  area  A. 

304.  Work  agalmt  m  Ofcll*ae  Force.  (A.  M.,  511.) — The  resist- 
ance directly  due  to  a  force  which  acts  against  a  moving  body  in  a 
direction  oblique  to  that  in  which  the  body  moves,  is  found  by 
resolving  that  force  into  two  components,  one  at  right  angles  to  the 
direction  of  motion,  which  may  be  called  a  lateral  force,  and  which 
must  be  balanced  by  an  equal  and  opposite  lateral  force,  unless  it 
takes  effect  by  altering  the  direction  of  the  body's  motion,  and  the 
other  component  directly  opposed  to  the  body's  motion,  which  is 
the  resistance  required.  That  resolution  is  effected  by  means  of  the 
well  known  principle  of  the  parallelogram  of  forces  as  follows : — 

In  fig.  239,  let  A  represent  the  point  at  which  a  resistance  is  over- 
come, A  B  the  direction  in  which 

that  point  is  moving,  and  let  A  F 

be  a  line    whose  direction    and 

length  represent  the  direction  and 

p.    239  magnitude   of  a  force  obliquely 

opposed    to    the    motion    of   A. 

From  F  upon  B  A  produced,  let  fall  the  perpendicular  FR ;  the 
length  of  that  perpendicular  will  represent  the  magnitude  of  the 

lateral  component  of  the  oblique  force,  and  the  length  A  fi  will 
represent  the  direct  component  or  resistance. 

The  work  done  against  an  oblique  resisting  force  may  also 
be  calculated  by  resolving  the  motion  into  a  direct  component 
in  the  line  of  action  of  the  force,  and  a  transverse  component, 
and  multiplying  the  whole  force  by  the  direct  component  of  the 
motion. 

300.  Summation  of  Qua  ■title*  of  Work* — In  every  machine,  resist- 
ances are  overcome  during  the  same  interval  of  time,  by  differ- 
ent moving  pieces,  and  at  different  points  in  the  same  moving 
piece ;  and  the  whole  work  performed  during  the  given  interval  is 
found  by  adding  together  the  several  products  of  the  resistances 
into  the  respective  distances  through  which  they  are  simultaneously 
overcome.  It  is  convenient,  in  algebraical  symbols,  to  denote  the 
result  of  that  summation  by  the  symbol — 

3'R«; (l) 

in  which  2  denotes  the  operation  of  taking  the  mm  of  a  get  tit 
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quantities  of  the  kind  denoted  by  the  symbols  to  which  it  is  pre- 
fixed. 

When  the  resistances  are  overcome  by  pieces  turning  upon  axes, 
the  above  sum  may  be  expressed  in  the  form — 

StRJ; (2.) 

and  so  of  other  modes  of  expressing  quantities  of  work. 

The  following  are  particular  cases  of  the  summation  of  quantities 
of  work  performed  at  different  points : — 

I.  In  a  shifting  piece,  or  one  which  has  the  kind  of  movement 
called  translation  only,  the  velocities  of  every  point  at  a  given  in- 
stant are  equal  and  parallel ;  hence,  in  a  given  interval  of  time,  the 
motions  of  all  the  points  are  equal ;  and  the  work  performed  is  to 
be  found  by  multiplying  the  sum  oftlie  resistances  into  the  motion 
as  a  common  factor ;  an  operation  expressed  algebraically  thus — 

*2R; (3.) 

II.  For  a  turning  piece,  the  angular  motions  of  all  the  points 
during  a  given  interval  of  time  are  equal ;  and  the  work  performed 
is  to  be  found  by  multiplying  the  sum  of  the  moments  of  the  resist- 
ances relatively  to  the  axis  into  the  angular  motion  as  a  common 
factor — an  operation  expressed  algebraically  thus — 

%2-Rl; (4.) 

The  sum  denoted  by  2  •  It  I  is  the  total  moment  of  resistance  of  tho 
piece  in  question. 

III.  In  every  train  of  •medianism,  the  proportions  amongst  the 
motions  performed  during  a  given  interval  of  time  by  the  several 
moving  pieces,  can  be  determined  from  the  mode  of  connection  of 
those  pieces,  independently  of  the  absolute  magnitudes  of  those 
motions,  by  the  aid  of  the  science  called  by  Mr.  Willis,  Pure 
Mechanism,  This  enables  a  calculation  to  be  performed  which  is 
called  reducing  tlie  resistances  to  tlie  driving  point ;  that  is  to  say, 
determining  the  resistances,  which,  if  they  acted  directly  at  tho 
point  where  the  motive  power  is  applied  to  the  machine,  would 
require  the  same  quantity  of  work  to  overcome  them  with  the 
actual  resistances. 

Suppose,  for  example,  that  by  the  principles  of  pure  mechanism 
it  is  found,  that  a  certain  point  in  a  machine,  where  a  resistance  R 
is  to  be  overcome,  moves  with  a  velocity  bearing  the  ratio  n:l  to 
the  velocity  of  the  driving  point  Then  the  work  performed  in 
overcoming  that  resistance  will  be  the  same  as  if  a  resistance  n  R 
were  overcome  directly  at  the  driving  point.  If  a  similar  calcula-  . 
tion  be  made  for  each  point  in  the  machine  where  resistance  ia 
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overcome,  and  the  results  added  together,  as  the  following  symbol 
denotes : — 

3  •  n  R, (5.) 

that  sum  is  the  equivalent  resistance  at  the  driving  point;  and  if  in 
a  given  interval  of  time  the  driving  point  moves  through  the  dis- 
tance *,  then  the  work  performed  in  that  time  is — 


s  3  •  n  R 


.(«■) 


The  process  above  described  is  often  applied  to  the  steam  engine, 
by  reducing  all  the  resistances  overcome  to  equivalent  resistances 
acting  directly  against  the  motion  of  the  piston. 

A  similar  method  may  be  applied  to  the  moments  of  resistances 
overcome  by  rotating  pieces,  so  as  to  reduce  them  to  equivalent 
moments  at  tfie  driving  axle.  Thus,  let  a  resistance  R,  with  the 
leverage  I,  be  overcome  by  a  piece  whose  angular  velocity  of  rota- 
tion bears  the  ratio  n  :  1  to  that  of  the  driving  axle.  Then  the 
equivalent  moment  of  resistance  at  the  driving  axle  is  n  11 1 ;  and 
if  a  similar  calculation  be  made  for  each  rotating  piece  in  the 
machine  which  overcomes  resistance,  and  the  results  added  to- 
gether, the  sum — 

2-nRl '. (7.) 

is  the  total  equivalent  moment  of  resistance  at  the  driving  axle;  and 
if  in  a  given  interval  of  time  the  driving  axle  turns  through  tho 
arc  i  to  radius  unity,  the  work  performed  in  that  time  is — 

trnR/. (8.) 

IV.  Centre  of  Gravity. — The  work  j>erformed  in  lifting  a  body 
is  Ute  'product  of  tJie  weiglit  of  tlie  body  into  the  height  through  which 
its  centre  of  gravity  is  lifted.     (See  Article  282,  page  328.) 

If  a  machine  lifts  the  centres  of  gravity  of  several  bodies  at  once 
to  heights  either  the  same  or  different,  the  whole  quantity  of  work 
performed  in  so  doing  is  the  sum  of  the  several  products  of  the 
weights  and  heights ;  but  that  quantity  can  also  be  computed  by 

multiplying  the  sum  of  all  tlie 
weiglUs  into  Hie  heiglU  tlirough 
whldi  tlieir  common  centre  of 
gravity  is  lifted. 

30G.    Representation  of  Work 

by  an  Area. — As  a  quantity  of 
work   is  the  product    of   two 
quantities,  a  force  aud  a  motion, 
Fig.  24  ».  it  may  be  represented   by  the 

area  of  a  plane  figure,  which  is  the  product  of  two  dimensions. 


»- 


0  -- 
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Let  the  base  of  the  rectangle  A,  fig.  2  40,  represent  ontfoot  of  motion, 
and  its  height  one  pound  of  resistance;  then  will  its  area  represent 
one  footpound  of  work. 

la  the  larger  rectangle,  let  the  base  OS  represent  a  certain 
motion  s,  on  the  same  scale  with  the  base  of  the  unit-area  A;  and 
let  the  height  O  R  represent  a. certain  resistance  R,  on  the  same 
scale  with  the  height  of  the  unit-area  A;  then  will  the  number  of 
times  that  the  rectangle  O  8  ■  0  R  contains  the  unit  rectangle  A, 
express  the  number  of  foot-pounds  in  the  quantity  of  work  Rt, 
which  is  performed  in  overcoming  the  resistance  R  through  the 
distance  s. 

307.  Work  agaiBM  v*rring  Rci.tn.jct.  (A.  M.,  515.) — In  fig.  241, 
let  distances  as  before,   be  re-  - 
presented  by  lengths  measured 
along  the  base  line  O  X  of  the 
figure;  and  let  the  magnitudes 
of  the  resistance    overcome   at 
each  instant  be  represented  by 
the  lengths  of  ordinates  drawn 
perpendicular  to  O  X,  and  paral- 
lel   to   O  Y:  — For    example,  Fig.  541. 
when  the  working  body  has   moved  through  the  distance  repre- 
sented by  O  8,  let  the  resistance  be  represented  by  the  ordinate  S  R. 

If  the  resistance  were  constant,  the  summits  of  those  ordi  nates 
would  lie  in  a  straight  Une  parallel  to  O  X,  like  R  B  in  tig.  240; 
but  if  the  resistance  varies  continuously  as  the  motiou  goes  on,  the 
summits  of  the  ordinates  will  lie  in  a  line,  straight  or  curved,  such 
as  that  marked  ERG,  fig.  241,  which  is  not  parallel  to  O  X. 

The  values  of  the  resistance  at  each  instant  being  represented  by 
the  ordinates  of  a  given  line  E  R  G,  let  it  now  be  required  to  deter- 
mine the  work  performed  against  that  resistance  during  a  motion 
represented  by  O  F  =  *. 

Suppose  the  area  0  E  G  F  to  be  divided  into  bands  by  a  series  of 
parallel  ordinates,  such  as  A  0  and  B  D,  and  between  the  upper 
ends  of  those  ordinates  let  a  series  of  short  lines,  such  as  C  D,  be 
drawn  parallel  to  OX,  so  as  to  form  a  stepped  or  seriated  outline, 
consisting  of  lines  parallel  to  0  X  and  O  Y  alternately,  and  approxi- 
mating to  the  given  continuous  line  E  G. 

Now  conceive  the  resistance,  instead  of  varying  continuously,  to 
remain  constant  during  each  of  the  series  of  divisions  into  which 
the  motion  is  divided  by  the  parallel  ordinates,  and  to  change 
abruptly  at  the  instants  between  those  divisions,  being  represented 
for  each  division  by  the  height  of  the  rectangle  which  stands  on 
that  division :  for  example,  during  the  division  of  the  motion  re- 
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presented  by  A  B,  let  the  resistance  be  represented  by  A  C,  and  so 
for  other  divisions. 

Then  the  work  performed  during  the  division  of  the  motion  re- 
presented by  AB,  on  the  supposition  of  alternate  constancy  and 
abrupt  variation  of  the  resistance,  is  represented  by  the  rectangle 

AB'AC;  and  the  whole  work  performed,  on  the  same  supposition, 

during  the  whole  motion  O  F,  is  represented  by  the  sum  of  all  the 
rectangles  lying  between  the  parallel  ordinates;  and  inasmuch  as 
the  supposed  mode  of  variation  of  the  resistance  represented  by  the 
stepped  outline  of  those  rectangles  is  an  approximation  to  the  real 
mode  of  variation  represented  by  the  continuous  line  E  G,  and  is  a 
closer  approximation  the  closer  and  the  more  numerous  the  parallel 
ordinates  are,  so  the  sum  of  the  rectangles  is  an  approximation  to 
the  exact  representation  of  the  work  performed  against  the  conti- 
nuously varying  resistance,  and  is  a  closer  approximation  the  closer 
and  more  numerous  the  ordinates  are,  and  by  making  the  ordinates 
numerous  and  close  enough,  can  be  made  to  differ  from  the  exact 
representation  by  an  amount  less  than  any  given  difference. 

But  the  sum  of  those  rectangles  is  also  an  approximation  to 
the  area  O  E  G  F,  bounded  above  by  the  continuous  line  E  G,  and  is 
a  closer  approximation  the  closer  and  the  more  numerous  the  ordi- 
nates are,  and  by  making  the  ordinates  numerous  and  close  enough, 
can  be  made  to  differ  from  the  area  O  E  G  F  by  an  amount  less 
than  any  given  difference. 

Tlierefore  the  area  OEGF,  bounded  by  the  straight  line  OF,  which 
represents  the  motion,  by  Hue  line  E  G,  wliose  ordinates  represent  the 
values  oftlie  resistance,  and  by  tlie  two  ordinates  O  E  and  F  G,  repre- 
sents exactly  the  work  performed.     (See  Article  289,  page  331.) 

The  mean  resistance  during  the  motion  is  found  by  dividing 

the  area  O  E  G  F  by  the  motion  OF. 

308.  WJncfal  Work  and  Lost  Work. — The  useful  work  of  a  ma- 
chine is  that  which  is  performed  in  effecting  the  purpose  for  which 
the  machine  is  designed.  The  lost  work  is  that  which  is  performed 
in  producing  effects  foreign  to  that  purpose.  The  resistances  over- 
come in  performing  those  two  kinds  of  work  are  called  respectively 
useful  resistance  and  prejudicial  resistance. 

The  useful  work  and  the  lost  work  of  a  machine  together  make 
lip  its  total  or  gross  work. 

In  a  pumping  engine,  for  example,  the  useful  work  in  a  given 
time  is  the  product  of  the  weight  of  water  lifted  in  that  time  into 
the  height  to  which  it  is  lifted :  the  lost  work  is  that  performed  in 
overcoming  the  friction  of  the  water  in  the  pumps  and  pipes,  the 
friction  of  the  plungers,  pistons,  valves,  and  mechanism,  and  the 
resistance  of  the  air  pump  and  other  parts  of  the  engine. 
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For  example,  the  useful  work  of  a  marine  steam  engine  in  a 
given  time  is  the  product  of  the  resistance  opposed  by  the  water  to 
the  motion  of  the  ship,  into  the  distance  through  which  she 
moves :  the  lout  work  is  that  performed  in  overcoming  the  resist- 
ance of  the  water  to  the  motion  of  the  propeller  through  it,  the 
friction  of  the  mechanism,  and  the  other  resistances  of  the  engine, 
and  in  raising  the  temperature  of  the  condensation  water,  of  the 
gases  which  escape  by  the  chimney,  and  of  adjoining  bodies. 

There  are  some  cases,  such  as  those  of  muscular  power  and  of 
windmills,  in  which  the  useful  work  of  a  prime  mover  can  be 
determined,  but  not  the  lost  work. 

309.  Friction.  (Partly  extracted  and  abridged  from  A.  AT.,  189, 
190,  191,  204,  and  6G9  to  685).— The  most  frequent  cause  of  loss 
of  work  in  machines  is  friction — being  that  force  which  acts  be- 
tween two  bodies  at  their  surface  of  contact  so  as  to  resist  their 
sliding  on  each  other,  and  which  depends  on  the  force  with  which 
the  bodies  are  pressed  together.  The  following  law  respecting  the 
friction  of  solid  bodies  has  been  ascertained  by  experiment : — 

TJie  /fiction  whiclb  a  given  pair  of  solid  bodies,  with  ilv&r  surfaces 
in  a  given  condition,  are  capable  of  exerting,  is  simply  proportional 
to  Hie  force  with  which  tliey  are  pressed  together. 

There  is  a  limit  to  the  exactness  of  the  above  law,  when  tho 
pressure  becomes  so  intense  as  to  crush  or  grind  the  parts  of  the 
bodies  at  and  near  their  surface  of  contact.  At  and  beyond  that 
limit  the  friction  increases  more  rapidly  than  the  pressure;  but 
that  limit  ought  never  to  be  attained  at  the  bearings  of  any 
machine.  For  some  substances,  especially  those  whose  surfaces 
are  sensibly  indented  by  a  moderate  pressure,  such  as  timber,  the 
friction  between  a  pair  of  surfaces  which  have  remained  for  some 
time  at  rest  relatively  to  each  other,  is  somewhat  greater  than  that 
between  tho  same  pair  of  surfaces  when  sliding  on  each  other. 
That  excess,  however,  of  the  friction  of  rest  over  the  friction  of 
motion,  is  instantly  destroyed  by  a  slight  vibration;  so  that  the 
friction  of  motion  is  alone  to  be  taken  into  account  as  causing  con- 
tinuous loss  of  work. 

As  to  materials  for  bearings,  see  pages  462,  463,  464. 

The  friction  between  a  pair  of  bearing  surfaces  is  calculated  by 
multiplying  the  force  with  which  they  are  directly  pressed  together, 
by  a  factor  called  the  co-ejfficient  of  friction,  which  has  a  special 
value  depending  on  the  nature  of  the  materials  and  the  state  of  the 
surfaces  as  to  smoothness  and  lubrication.  Thus,  let  R  denote  tho 
friction  between  a  pair  of  surfaces;  Q,  the  force,  in  a  direction  per- 
pendicular to  the  surfaces,  with  which  they  are  pressed  together  ; 
and/ the  co-efficient  of  friction;  then 
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The  co-efacient  of  friction  of  a  given  pair  of  surfaces  is  the  tan- 
gent of  an  angle  called  the  angle  of  repose,  being  the  greatest  anglo 
which  an  oblique  pressure  between  the  surfaces  can  make  with  a 
perpendicular  to  them,  without  making  them  slide  on  each  other. 

The  following  is  a  table  of  the  angle  of  repose  0,  the  co-efficient 
of  friction /=  tan  0,  and  its  reciprocal  1  if,  for  the  materials  of 
mechanism — condensed  from  the  tables  of  General  Morin,  and 
other  sources,  and  arranged  in  a  few  comprehensive  classes.  The 
values  of  those  constants  which  are  given  in  the  table  have  re- 
ference to  the  friction  of  motion*    (See  pp.  399  and  476.) 


No. 

1 

2 

8 

4 

6 

G 

7 

8 

9 

10 

11 

12 

13 

14 

15 

1G 

17 

18 

19 


Surfaces. 

Wood  on  wood,  dry, 

n  n     soaped, 

Metals  on  oak,  dry,  

»  „      wet,  

„  „      soapy, 

Metals  on  elm,  dry,.. 

Hemp  on  oak,  dry, 

i,  »      wet, 

Leather  on  oak, 

Leather  on  metals,  dry, 

ii  ii        wet, 

n  ti         greasy, 

.»  m         <%» 

Metals  on  metals,  dry, 

»»  ii        wet, 

Smooth  surfaces,  occasionally  greased, 
„  „  continually  greased, 
„  „         best  results, 

Bronze  on  lignum  vita;,  constantly  wet, 


* 


14°  to  2Gl° 
llJ°to26 
2G.i°  to  81° 
13$°  to  14i 

11  i° 
111°  to  14° 

28° 

18*° 
15°to"l9J° 

29.}° 

20° 

13° 

o 


/ 


SrtollJ* 

16*° 
4°  to"4l° 

3° 

1J°  to  2° 

3°? 


•38 


•25  to  -5 

•2  to  -04 

•5  to  -6 

•24  to  "26 

•2 
•2  to  *25 

•53 

•33 
•27  to 

•56 

•30 

•23 

•15 
•15  to 
•3 
•07  to 

•05 
•03  to  -036 

•05? 


•08 


It/ 


4  to  2 
5  to  25 

2  to  1G7 

4*17  to  3-85 

5 

5  to  4 
1-89 

8 

3-7  to  2-86 

1-79 

2-78 

4  35 

G-G7 

6-G7  to  5 

3*38 

14  3  to  125 

20 

33-8  to  27G 

20? 


*  In  a  paper,  of  which  an  abstract  appeared  in  the  Comptes  Rendu*  of  the 
French  Academy  of  Sciences  for  the  26th  of  April,  1858,  M.  H.  Bochet 
describes  a  series  of  experiments  which  have  led  him  to  the  conclusion,  that 
the  friction  between  a  pair  of  surfaces  of  iron  is  not,  as  had  formerly  been 
believed,  absolutely  independent  of  the  velocity  of  sliding,  but  that  it 
diminishes  slowly  as  that  velocity  increases,  according  to  a  law  expressed  by 
the  following  formula.     Let 

R  denote  the  friction j 

Q,  the  pressure ; 

vt  the  velocity  of  sliding,  in  metres  per  second  =  velocity  in  feet  per  second 
x  03048; 

ft  °>  7»  constant  co-efficients ;  then 

R     /+  y a v 

Q  =    l+tt». 
The  following  are  the  values  of  the  co-efficients  deduced  by  M.  Bochet  from 
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310.  Uncvenu. — Three  results  in  the  preceding  table,  Nos.  16, 17. 
and  18,  have  reference  to  smooth  firm  surfaces  of  any  kind,  greased 
or  lubricated  to  such  an  extent  that  the  friction  depends  chiefly  on 
the  continual  supply  of  unguent,  and  not  sensibly  on  the  nature  of 
the  solid  surfaces;  and  this  ought  almost  always  to  be  the  case  in 
machinery.  Unguents  should  be  thick  for  heavy  pressures,  that 
they  may  resist  being  forced  out,  and  thin  for  light  pressures,  that 
their  viscidity  may  not  add  to  the  resistance. 

Unguents  may  be  divided  into  four  classes,  as  follows  : — 

I.  Water,  which  acts  as  an  unguent  on  surfaces  of  wood  and 
leather.  It  is  not,  however,  an  unguent  for  a  pair  of  metallic 
surfaces;  for  when  applied  to  them,  it  increases  their  friction. 

II.  Oily  unguents,  consisting  of  animal  and  vegetable  fixed  oils, 
as  tallow,  lard,  lard  oil,  seal  oil,  whale  oil,  olive  oiL  The  vegetable 
drying  oils,  such  as  linseed  oil,  are  unfit  for  unguents,  as  they 
absorb  oxygen,  and  become  hard.  The  animal  oils  are  on  the 
whole  better  than  the  vegetable  oils. 

III.  Soapy  unguents,  composed  of  oil,  alkali,  and  water.  For  a 
temporary  purpose,  such  as  lubricating  the  ways  for  the  launch  of 
a  ship,  one  of  the  best  unguents  of  this  class  is  soft  soap,  made  from 
whale  oil  and  potash,  and  used  either  alone  or  mixed  with  tallow. 
But  for  a  permanent  purpose,  such  as  lubricating  railway  carriage 
axles,  it  is  necessary  that  the  unguent  should  contain  less  water 
and  more  oil  or  fatty  matter  than  soft  soap  does,  otherwise  it 
would  dry  and  become  stiff  by  the  evaporation  of  the  water.  The 
best  grease  for  such  purposes  does  not  contain  more  than  from  25 
to  30  per  cent,  of  water;  that  which  contains  40  or  50  per  cent, 
is  bad. 

IV.  Bituminous' unguents,  in  which  liquid  mineral  hydrocarbons 
are  used  to  dissolve  and  dilute  oily  and  fatty  substances. 

The  intensity  of  the  pressure  between  a  pair  of  greased  surfaces 
ought  not  to  be  so  great  as  to  force  out  the  unguent  The  follow- 
ing formula  agrees  very  fairly  with  the  results  of  practice : — 

Let  v  be  the  velocity  of  sliding,  in  feet  per  second ;  p,  the  greatest 
proper  intensity  of  pressure,  in  lbs.  on  the  square  inch;  then 

44800 

p  "  60  v  +  20" 

p  ought  not  in  any  case  to  exceed  1200. 

his  experiments,  for  iron  surfaces  of  wheels  and  skids  rubbing  longitudinally 
on  iron  rails : — 

/,  for  dry  surfaces,  0*3,  0*25,  0*2;  for  damp  surfaces,  0'14. 

a,  for  wheels  sliding  on  rails,  0*03 ;  for  skids  sliding  on  rails,  0*07. 

y9  not  yet  determined,  bat  treated  meanwhile  as  inappreciably  small. 
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As  to  the  measurement  of  friction,  see  Article  348,  page  395. 

310  a.  Friction  mf  m  Band. — A  flexible  band  may  be  used  either 
to  exert  an  effort  or  a  resistance  upon  a  drum  or  pulley.  In  either 
case,  the  tangential  force,  whether  effort  or  resistance,  exerted 
between  the  band  and  the  pulley,  is  their  mutual  friction,  caused 
by  and  proportional  to  the  normal  pressure  between  them. 

In  fig.  242,  let  C  be  the  axis  of  a  pulley  A  B,  round  an  arc  of 
which  there  is  wrapped  a  band,  Tx  A  B  T2 ;  let  the  outer  arrow 
represent  the  direction  in  which  the  band  slides,  or  tends  to  slide, 
relatively  to  the  pulley,  and  the  inner  arrow  the  direction  in  which 
the  pulley  slides,  or  tends  to  slide,  relatively  to 
the  band. 

Let  Tx  be  the  tension  of  the  free  part  of  the 
band  at  that  side  towards  which  it  tends  to  draw 
the  pulley,  or  from  which  the  pulley  tends  to 
draw  it ;  T2,  the  tension  of  the  free  part  at  the 
other  side ;  T,  the  tension  of  the  band  at  any 
intermediate  point  of  its  arc  of  contact  with  the 
pulley ;  $,  the  ratio  of  the  length  of  that  arc  to 
the  radius  of  the  pulley ;  d  6,  the  ratio  of  an 
indefinitely  small  element  of  that  arc  to  the 
radius;  It  =  Tj  —  T2,  the  total  friction  between 
the  band  and  the  pulley;  d  R,  the  elementary 
portion  of  that  friction  due  to  the  elementary 
arc  d  0;  f,  the  co-enicient  of  friction  between  the  materials  of  the- 
band  and  pulley. 

Then  it  is  known  that  the  normal  pressure  at  the  elementary  arc 
d  6  is  T  d  6 ;  T  being  the  mean  tension  of  the  band  at  that  elemen- 
tary arc ;  consequently,  the  friction  on  that  arc  is 

dR=:fTd0. 

Now,  that  friction  is  also  the  difference  between  the  tensions  of  the 
band  at  the  two  ends  of  the  elementary  arc;  or 

dT=zdB,=fTd0; 

which  equation  being  integrated  throughout  the  entire  arc  of  con- 
tact, gives  the  following  formulae : — 


Fig.  242. 


T 


hyvlog  y±=f  *;  TL  +  T2  =  ef'y 


■  } 

■•-IV  J 


(1.) 


When  a  belt  connecting  a  pair  of  pulleys  has  the  tensions  of  its 
two  sides  originally  equal,  the  pulleys  being  at  rest;  and  when  the 
pulleys  are  set  in  motion,  so  that  one  of  then*  dtixcR  \toa  <*&&st\f| 
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means  of  the  belt;  it  is  found  that  the  advancing  side  of  the  belt 
is  exactly  as  much  tightened  as  the  returning  side  is  slackened,  so 
that  the  mean  tension  remains  unchanged.  The  ratio  which  it 
bears  to  the  force,  R,  to  be  transmitted,  is  given  by  this  formula  >- 


T,  +  T2  _    ef  +  1 


.(2.) 


2R  2(e/»  -  1) 

If  the  arc  of  contact  between  the  band  and  pulley,  expressed  in 
turns  and  fractions  of  a  turn,  be  denoted  by  n, 

0  =  2  v  n;  e"  =  102™»/«; (3.) 

that  is  to  say,  ef9\s  the  antUogarilhm,  or  natural  number,  corre- 
sponding to  the  common  logarithm  2*7288  /n. 

The  value  of  the  co-efficient  of  friction.  /,  depends  on  the  state 
and  material  of  the  rubbing  surfaces.  For  leather  belts  on  iron 
pulleys,  the  table  of  Article  309,  page  349,  shows  that  it  ranges 
from  '56  to  '15.  In  calculating,  by  equation  2  of  this  Article,  the 
proper  mean  tension  for  a  belt,  the  smallest  value,  f  =  '15,  is  to 
be  taken,  if  there  is  a  probability  of  the  belt  becoming  wet  with  oil. 
The  experiments  of  Messrs.  Henry  It.  Towne  and  Robert  Briggs, 
however  (published  in  the  Journal  of  the  Franklin  Institute  for 
1868),  show  that  such  a  state  of  lubrication  is  not  of  ordinary 
occurrence;  and  that  in  designing  machinery,  we  may  in  most 
cases  safely  take  /  =  0*42.  Professor  Reuleaux  (ConstructionsUJire 
fur  Maachinenbaii)  takes  /  =  0*25.  The  following  table  shows 
the  values  of  the  co-efficient  27288/,  by  which  n  is  multiplied  iu 
equation  3,  corresponding  to  different  values  off;  also  the  corre- 
sponding values  of  various  ratios  amongst  the  forces,  when  the  arc 
of  contact  is  half  a  circumference : — 

/  =  0*15  o'25  0*42  0*56 

27288/=  041  068  115  153 

Let  6  =  «■,  and  n  =  $ ;  then 

T,  -4-  To  =     1*603  2-188  3758  5821 

Tj  +  R  =     266  184  136  121 

T1  +  T2-r2R=     216  134  086  071 

In  ordinary  practice,  it  is  usual  to  assume  T2  =  R;  Tx  =  2  R; 
Tx  +  T2  -T-  2  R  =  1*5.     This  corresponds  to/  =  0*22  nearly. 

For  a  wire  rope  on  cast-iron,  /  maybe  taken  as=  0*15  nearly; 
and  if  the  groove  of  the  pulley  is  bottomed  with  gutta-percha, 
0-25. 

When  an  endless  band  runs  at  a  very  high  velocity,  its  centri- 
fugal force  has  an  indirect  effect  on  the  friction,  which  will  be 
considered  further  on.     (See  page  441.) 
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311.  The  W«rk  Performed  ngnlM  FHcttom  in  a  given  time, 
between  a  pair  of  rubbing  surfaces,  is  the  product  of  that  friction 
into  the  distance  through  which  one  surface  slides  over  the  other. 

When  the  motion  of  one  surface  relatively  to  the  other  consists 
in  rotation  about  an  axis,  the  work  performed  may  also  be  cal- 
culated by  multiplying  the  relative  angular  motion  of  the  surface* 
to  radius  unity  into  the  moment  of  friction  ;  that  is,  the  product  of 
the  friction  into  its  leverage,  which  is  the  mean  distance  of  the 
rubbing  surfaces  from  the  axis. 

For  a  cylindrical  journal,  the  leverage  of  the  friction  is  simply 
the  radius  of  the  journal 

For  a  fiat  pivot,  the  leverage  is  two-thirds  of  the  radius  of  the 
pivot. 

For  a  collar,  let  r  and  r*  be  the  outer  and  inner  radii;  then  the 
leverage  of  the  friction  is 

2  »•— "  (i.) 


/»■ 


3    r*  —  r 

For  " Schick's  anti-friction  pivot'9  whose  longitudinal  section  is 
the  curve  called  the  "  tractrix,"  the  moment  of  friction  is/  x  the 
load  x  the  external  radius.  This  is  greater  than  the  moment  for 
an  equally  smooth  flat  pivot  of  the  same  radius;  but  the  anti-fric- 
tion pivot  has  the  advantage,  inasmuch  as  the  wear  of  the  surfaces 
is  uniform  at  every  point,  so  that  they  always  fit  each  other  accu- 
rately, and  the  pressure  is  always  uniformly  distributed,  and  never 
becomes,  as  is  the  case  in  other  pivots,  so  intense  at  certain  points 
as  to  force  out  the  unguent  and  grind  the  surfaces. 

In  the  cup  and  ball  pivot,  the  end  of  the  shaft,  and  the  step  on 
which  it  presses,  present  two  recesses  facing  each  other,  into  which, 
are  fitted  two  shallow  cups  of  steel  or  hard  bronze.  Between  the 
concave  spherical  surfaces  of  those  cups  is  placed  a  steel  ball,  being 
either  a  complete  sphere,  or  a  lens  having  convex  surfaces  of  a 
somewhat  less  radius  than  the  concave  surfaces  of  the  cups.  The 
moment  of  friction  of  this  pivot  is  at  first  almost  inappreciable, 
from  the  extreme  smallness  of  the  radius  of  the  circles  of  contact 
of  the  ball  and  cups;  but  as  they  wear,  that  radius  and  the  moment 
of  friction  increase. 

By  the  rolling  of  two  surfaces  over  each  other  without  sliding,  a 
resistance  is  caused,  which  is  called  sometimes  "  rolling  friction," 
but  more  correctly  rolling  resistance.  It  is  of  the  nature  of  a  couple 
resisting  rotation ;  its  moment  is  found  by  multiplying  the  normal 
pressure  between  the  rolling  surfaces  by  an  arm  whose  length 
depends  on  the  nature  of  the  rolling  surfaces ;  and  the  work  lost 
in  an  unit  of  time  in  overcoming  it  is  the  product  of  its  moment 
by  the  angular  velocity  of  the  rolling  surfaces  relatively  to  each 

2  A 
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other.   The  following  are  approximate  values  of  the  arm  in  dodmatt 
of  a  foot: — 

Oak  upon  oak, o*oo6  (Coulomb). 

Lignum-vitae  on  oak, 0*004         — 

Cast-iron  on  cast-iron, 0-002  (Tredgold). 

The  work  lost  in  friction  produces  iieat  in  the  proportion  of  one 
British  thermal  unit,  being  so  much  heat  as  raises  the  temperature 
of  a  pound  of  water  one  degree  of  Fahrenheit,  for  every  772  footr 
pounds  of  lost  work. 

The  heat  produced  by  friction,  when  moderate  in  amount,  is 
useful  in  softening  and  liquefying  unguents ;  but  when  excessive, 
it  is  prejudicial  by  decomposing  the  unguents,  and  sometimes  even 
by  softening  the  metal  of  the  bearings,  and  raising  their  tempera- 
ture bo  high,  as  to  set  fire  to  neighbouring  combustible  matters. 

Excessive  heating  is  prevented  by  a  constant  and  copious  supply 
of  a  good  unguent.  When  the  velocity  of  rubbing  is  about  four 
or  five  feet  per  second,  the  elevation  of  temperature  is  found  to  be, 
with  good  fatty  and  soapy  unguents,  40°  to  50°  Fahrenheit,  with 
good  mineral  unguents,  about  30°.  The  effect  of  friction  upon 
the  efficiency  of  machines  will  be  considered  further  on,  in 
Section  IV. 

312.  w«ru  of  Acceleration.  (A.  J/.,  12, 521-33, 536, 547, 549, 554, 
589,  591,  593,  595-7.)—-In  order  that  the  velocity  of  a  body's 
motion  may  be  changed,  it  must  be  acted  upon  by  some  other  body 
with  a  force  in  the  direction  of  the  change  of  velocity,  which  force 
is  proportional  directly  to  the  change  of  velocity,  and  to  the  mass 
of  the  body  acted  upon,  and  inversely  to  the  time  occupied  in  pro- 
ducing the  change.  If  the  change  is  an  acceleration  or  increase  of 
velocity,  let  the  first  body  be  called  the  driven  body,  and  the  second 
the  driving  body.  Then  the  force  must  act  upon  the  driven  body 
in  the  direction  of  its  motion.  Every  force  being  a  pair  of  equal 
and  opposite  actions  between  a  pair  of  bodies,  the  same  force  which 
accelerates  the  driven  body  is  a  resistance  as  respects  the  driving 
body.     (See  Article  287,  page  329.) 

For  example,  during  the  commencement  of  the  stroke  of  the 
piston  of  a  steam  engine,  the  velocity  of  the  piston  and  of  its  rod  is 
accelerated ;  and  that  acceleration  is  produced  by  a  certain  part  of 
the  pressure  between  the  steam  and  the  piston,  being  the  excess  of 
that  pressure  above  the  whole  resistance  which  the  piston  has  to 
overcome.  The  piston  and  its  rod  constitute  the  driven  body;  the 
steam  is  the  driving  body;  and  the  same  part  of  the  pressure  which 
accelerates  the  piston,  acts  as  a  resistance  to  the  motion  of  the 
steam,  in  addition  to  the  resistance  which  would  have  to  be  over* 
come  if  the  velocity  of  the  piston  were  uniform, 
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The  resistance  due  to  acceleration  is  computed  in  the  following 
manner : — It  is  known  by  experiment,  that  if  a  body  near  the 
earth's  surface  is  accelerated  by  the  attraction  of  the  earth,— -that 
is,  by  its  own  weight,  or  by  a  force  equal  to  its  own  weight,  its 
velocity  goes  on  continually  increasing  very  nearly  at  the  rate  of 
32 '2  feet  per  second  of  additional  velocity y for  each  second  during 
which  the  force  acts.  This  quantity  varies  in  different  latitudes,  and 
at  different  elevations,  but  the  value  just  given  is  near  enough  to 
the  truth  for  purposes  of  mechanical  engineering.  For  brevity's 
sake,  it  is  usually  denoted  by  the  symbol  g;  so  that  if  at  a  given 
instant  the  velocity  of  a  body  is  vt  feet  per  second,  and  if  its  own 
weight,  or  an  equal  force,  acts  freely  on  it  in  the  direction  of  its 
motion  for  t  seconds,  its  velocity  at  the  end  of  that  time  will  have 
increased  to 

Vt  =  vx  +  gt (1.) 

If  the  acceleration  be  at  any  different  rate  per  second,  the  force 
necessary  to  produce  Hunt  acceleration,  being  the  resistance  on  the 
driving  body  due  to  the  acceleration  of  the  driven  body,  bears  the  same 
proportion  to  the  driven  body's  weiglti  which  the  actual  rate  of  accele- 
ration bears  to  the  rate  of  acceleration  produced  by  gravity  acting 
freely.      (In  metres  per  second,  g  =  9*81  nearly.) 

To  express  this  by  symbols,  let  the  weight  of  the  driven  body  be 
denoted  by  W.  Let  its  velocity  at  a  given  instant  be  vx  feet  per 
second ;  and  let  that  velocity  increase  at  an  uniform  rate,  so  that 
at  an  instant  t  seconds  later,  it  is  v2  feet  per  second. 

Let /denote  the  rate  of  acceleration;  then 

/=^'; (2.) 

and  the  force  R  necessary  to  produce  it  will  be  given  by  the  pro* 
portion, 

$r:/::W:R; 

that  is  to  say, 

R=/W=W(„,-,,) 

g  9t  ' 

w 

The  factor  — ,  in  the  above  expression,  is  called  the  mass  of  the 
g 

driven  body ;  and  being  the  same  for  the  same  body,  in  what  place 

soever  it  may  be,  is  held  to  represent  the  quantity  of  matter  in  the 

body.     (See  Article  277a,  page  3ia) 

W  v 

The  product of  the  mass  of  a  body  into  its  velocity  at  any 

9 
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instant,  is  called  its  momentum;  so  that  the  resistance  clue  to  a 
given  acceleration  is  equal  to  the  increase  of  momentum  divided  by 
Hie  time  which  thai  increase  occupies. 

If  the  product  of  the  force  by  which  a  body  is  accelerated,  equal 
and  opposite  to  tho  resistance  due  to  acceleration,  into  the  time 
during  which  it  acts,  be  called  impulse,  the  same  principle  may  be 
otherwise  stated  by  saying,  that  the  increase  of  momentum  is  equal 
to  the  impulse  by  whicli  it  is  caused. 

If  the  rate  of  acceleration  is  not  constant,  but  variable,  the  force 
B  varies  along  with  it.     In  this  case,  the  value,  at  a  given  instant 

oi  the  rate  of  acceleration,  is  represented  hyf=  --.- .  and  the  cov- 
et V 

responding  value  of  the  force  is 


R 


/W_W     dv 

=T^T"di (4) 


The  work  performed  in  accelerating  a  body  is  the  product  of 
the  resistance  due  to  the  rate  of  acceleration  into  the  distance 
moved  through  by  the  driven  body  while  the  acceleration  is  going 
on.  The  resistance  is  equal  to  the  mass  of  tho  body,  multiplied  by 
the  increase  of  velocity,  and  divided  by  tho  time  which  that 
increase  occupies.  The  distance  moved  through  is  the  product  ot 
the  mean  velocity  into  the  same  time.  Therefore,  the  work  per- 
formed is  equal  to  the  mass  of  the  body  multiplied  by  the  increase 
of  the  velocity,  and  by  the  mean  velocity;  that  k,  to  the  mass  of 
Hie  body,  multiplied  by  the  increase  of  Hie  half  square  of  its  velocity. 

To  express  this  by  symbols,  in  the  case  of  an  uniform  rate  of 
acceleration,  let  s  denote  the  distance  moved  through  by  the  driven 
body  during  the  acceleration;  then 

-*f5«; <*> 

which  being  multiplied  by  equation  3,  gives  for  the  work  of  accel- 
eration, 

W    t?j-  vx    vs  +  vx  W    vj  -  v? 

R,  =  7"-  - j- •  — 2~        T'~ t~~ (  ' 

In  the  case  of  a  variable  rate  of  acceleration,  let  v  denote  the  mean 
velocity,  and  ds  the  distance  moved  through,  in  an  interval  of  time 
dt  so  short  that  the  increase  of  velocity  dv  is  indefinitely  small 
compared  with  the  mean  velocity.     Then 

ds  =  vdt; (7.) 
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which  being  multiplied  by  equation  4,  gives  for  the  work  of  accel- 
eration during  the  interval  d  t, 

aszzz  —  •  -—  .  v  dt 
g       at 

W 
=  —    .  vdv; (8.) 

9 

and  the  integration  of  this  expression  (see  Article  11a)  gives  for 
the  work  of  acceleration  during  a  finite  interval, 

lRd,  =  ¥(vdv  =  ™.*^ (9.) 

J  g  J  g  2  ' 

being  the  same  with  the  result  already  arrived  at  in  equation  6. 

From  equation  9  it  appears  that  Hie  work  performed  in  producing 
a  given  acceleration  depends  on  the  initial  and  final  velocities,  Vj  and 
Tj,  and  not  on  Hie  intermediate  cJianges  of  velocity. 

If  a  body  falls  freely  under  the  action  of  gravity  from  a  state  of 
rest  through  a  height  h,  so  that  its  initial  velocity  is  0,  and  its  final 
velocity  v,  the  work  of  acceleration  performed  by  the  earth  on  the 
body  is  simply  the  product  W  h  of  the  weight  of  the  body  into  the 
height  of  falL     Comparing  this  with  equation  6,  we  find — 

h=T9 <10> 

This  quantity  is  called  the  height,  or  fall,  due  to  tlie  velocity  v  ; 
and  from  equations  6  and  9  it  appears  that  the  work  performed  in 
producing  a  given  acceleration  is  the  same  with  that  performed  in 
lifting  the  driven  body  through  tiie  difference  of  the  heights  due  to  its 
initial  and  final  velocities. 

If  work  of  acceleration  is  performed  by  a  prime  mover  upon 
bodies  which  neither  form  part  of  the  prime  mover  itself,  nor  of  the 
machines  which  it  is  intended  to  drive,  that  work  is  lost;  as  when 
a  marine  engine  performs  work  of  acceleration  on  the  water  that  is 
struck  by  the  propeller. 

Work  of  acceleration  performed  on  the  moving  pieces  of  tho 
prime  mover  itself,  or  of  the  machinery  driven  by  it,  is  not  neces- 
sarily lost,  as  will  afterwards  appear. 

313.  Sammntlea  «f  Work  «f  Acceleration — 9I«me«t  «f  Iaerf  la.— - 
If  several  pieces  of  a  machine  have  their  velocities  increased  at  the 
same  time,  the  work  performed  in  accelerating  them  is  the  sum 
of  the  several  quantities  of  work  due  to  the  acceleration  of  the 
respective  pieces;  a  result  expressed  in  symbols  by 

iw*-*j (i.) 


2< 


i  g'     2 
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The  process  of  finding  that  sum  is  facilitated  and  abridged  in 
certain  cases  by  special  methods. 

I.  Accelerated  Rotation — Moment  of  Inertia. — Let  a  denote  the 
angular  velocity  of  a  solid  body  rotating  about  a  fixed  axis; — that 
is,  as  explained  in  Article  46,  the  velocity  of  a  point  in  the  body 
whose  radius-vector,  or  distance  from  the  axis,  is  unity. 

Then  the  velocity  of  a  particle  whose  distance  from  the  axis 
iar,  is 

v  =  ar; (2.) 

and  if  in  a  given  interval  of  time  the  angular  velocity  is  accelerated 
from  the  value  a,  to  the  value  a„  the  increase  of  the  velocity  of  the 
particle  in  question  is 

vM  -  v1  =  r(a9  -  ax) (3.) 

Let  t0  denote  the  weight,  and  _  the  mass  of  the  particle  in  ques* 

9 
tion.     Then  the  work  performed  in  accelerating  it,  being  equal  to 

the  product  of  its  mass  into  the  increase  of  the  half-square  of  its 

velocity,  is  also  equal  to  the  product  of  its  mass  into  the  square  of  its 

radius-vector,  and  into  Hie  increase  of  the  half -square  of  the  angular 

velocity;  that  is  to  say,  in  symbols, 

w      v*  -  v\         wr*       a\-a\ 

~ 7> =    — o (*•) 

g         *  9  * 

To  find  the  work  of  acceleration  for  the  whole  body,  it  is  to  be  con- 
ceived to  be  divided  into  small  particles,  whose  velocities  at  any 
given  instant,  and  also  their  accelerations,  are  proportional  to  their 
distances  from  the  axis ;  then  the  work  of  acceleration  is  to  be  found 
for  each  particle,  and  the  results  added  together.  But  in  the  sum  so 
obtained,  the  increase  of  the  half-square  of  the  angular  velocity  is  a 
common  factor,  having  the  same  value  for  each  particle  of  the  body; 
and  the  rate  of  acceleration  produced  by  gravity,  g  =  32*2,  is  a 
common  divisor.  It  is  therefore  sufficient  to  add  togetJier  the  pro- 
ducts of  the  weight  of  each  particle  (w)  into  Ute  square  of  its  radius- 
vector  (r*),  and  to  multiply  the  sum  so  obtained  (2  •  w  r8)  by  tiie  in- 
crease of  the  half  square  of  tiie  angular  velocity  (x  (*J  —  ai )) »  an^ 

divide  by  the  rate  of  acceleration  due  to  gravity  (g).  The  result* 
Tiz. : — 

Iff  2      j  2g  W 

is  the  work  of  acceleration  sought.  In  fact,  the  sum  2  to  r*  is  the 
weight  of  a  body,  which,  if  concentrated  at  the  distance  unity  from 
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tlie  axis  of  rotation,  would  require  tlve  same  work  to  produce  a  given 
increase  ofangvlar  velocity  which  tlve  actual  body  requires. 

The  term  moment  of  inertia  is  applied  in  some  writings  to  the 
sum  2  w  r9,  and  in  others  to  the  corresponding  mass  2wr*  -^  g. 
For  purposes  of  mechanical  engineering,  the  sum  s  to  r9  is,  on  the 
-whole,  the  most  convenient,  bearing  as  it  does  the  same  relation  to- 
angular  acceleration  which  weight  does  to  acceleration  of  linear 
velocity. 

The  Radius  of  Gyration,  or  Mean  Radius  of  a  rotating  body,  is  a 
line  whose  square  is  the  mean  of  the  squares  of  the  distances  of  its 
particles  from  the  axis;  and  its  value  is  given  by  the  following 
equation : — 

e*  =-r— V6') 

2  w 

«o  that  if  we  put  ¥=sw  for  the  weight  of  the  whole  body,  the 
moment  of  inertia  may  be  represented  by 

I  =  We» (7.) 

The  following  are  additional  rules  relating  to  moments  of  inertia 
and  radii  of  gyration  : — 

Rule  II. — Given,  the  moment  of  inertia  of  a  body  about  an 
axis  traversing  its  centre  of  gravity  in  a  given  direction ;  to  find 
its  moment  of  inertia  about  another  axis  parallel  to  the  first; 
multiply  the  mass  (or  weight)  of  the  body  by  the  square  of  the  per- 
pendicular distance  between  the  two  axes,  and  to  the  product  add 
the  given  moment  of  inertia. 

Rule  III. — Given,  the  separate  moments  of  inertia  of  a  set  of 
bodies  about  parallel  axes  traversing  their  several  centres  of  gravity ; 
required,  the  combined  moment  of  inertia  of  those  bodies  about  a 
common  axis  parallel  to  their  separate  axes;  multiply  the  mass  (or 
weight)  of  each  body  by  the  square  of  the  perpendicular  distance  of 
its  centre  of  gravity  from  the  common  axis;  add  together  all  the 
products,  and  all  the  separate  moments  of  inertia;  the  sum  will  be 
the  combined  moment  of  inertia. 

Rule  IV. — To  find  the  square  of  the  radius  of  gyration  of  a 
body  about  a  given  axis;  divide  the  moment  of  inertia  of  the  body 
about  the  given  axis  by  the  mass  (or  weight)  of  the  body. 

Rule  V. — Given,  the  square  of  the  radius  of  gyration  of  a 
body  about  an  axis  traversing  its  centre  of  gravity  in  a  given 
direction ;  to  find  the  square  of  the  radius  of  gyration  of  the  same 
body  about  another  axis  parallel  to  the  first;  to  the  given  square 
add  he  square  of  the  perpendicular  distance  between  the  two 
axes. 
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Table  of  Squares  of  Radix  of  Gyration. 


Body. 


L  Sphere  of  radius  r,. 


IL  Spheroid  of  revolution — ]x>lar  semi- 
axis  a,  equatorial  radius  r, 


IIL  Ellipsoid — semi -axes  a,  6,  c,~. 


IV.  Spherical    shell — external  radius  r. 
internal*', ~.. 

V.  Spherical  shell,  insensibly  thin — ra- 
dius r,  thickness  dr, 

VL  Circular  cylinder — length  2a,  radius 


VII.  Elliptic  cylinder—  length  2a,  trans- 
verso  semi-axes  6,  c,  

VIIL  Hollow  circular  cylinder — length  2a, 
external  radius  r,  internal  r, 

IX.  Hollow  circular  cylinder,  insensibly 
thin— length  2a,  radius  r,  thick- 
ness dr, 

X.  Circular  cylinder — length  2a,  radius 
r, 

XI.  Elliptic  cylinder-length  2a,  trans- 
verse semi-axes  6,  c, 

XIL  Hollow  circular  cylinder — length  2a, 
external  radius  r,  internal  f, 

XIII.  Hollow  circular  cylinder,  insensibly 

thin— radius  r,  thickness  dr, 

XIV.  Rectangular  prism — dimensions  2a, 

26,2c, 

XV.  Rhombic  prism — length  2a,  diagonals 
26,  2c, 


Azu. 


XVT.  Rhombic  prism,  as  above,. 


Diameter 

Polar  axis 
Axis,  2a 

Diameter 

Diameter 


Longitudinal 
axis,  2a 

Longitudinal 
axis,  2a 

Longitudinal 
axis,  2a 


Longitudinal 
axis,  2a 

Transverse 
diameter 

Transverse 
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Transverse 
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Transverse 
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Axis,  2a 


Axis,  2a 
Diagonal,  26 


Radxcs.* 
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5 


2r« 


5 
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5 
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5  (r»  —  f») 

2r« 
3 

2 
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4 
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r*  +  r 


.»« 


a* 
+  -  - 
4^3 


"2   +  T 


b9  +  cj 
3 

6»  +  T1 


1*  +^! 
6       3 


CENTRE   OF    PERCUSSION.  3G1 

314.  Centre  of  Percaaaloa — Equirnlcut  Simple  Pendulum — Equiva- 
lent Fij-whcei. — In  calculations  respecting  the  rotation  of  a  rigid 
body  about  a  given  axis,  it  is  often  convenient  to  conceive  that  for 
the  actual  body  there  is  substituted  its  equivalent  simple  pendulum; 
that  is,  a  body  having  the  same  total 
mass,  but  concentrated  at  two  points,  of 
which  one  is  in  the  axis  :  also  the  same 
statical  moment,  and  the  same  moment 
of  inertia. 

The  following  are  the  rules  for  doing 
this : — 

I.  To  find  the  centre  of  percussion  of 
a  given  body  turning  about  a  given  axis. 

In  fig.  243,  let  X  X  be  the  given  axis, 
and  G  the  centre  of  gravity  of  the  body. 
From  G  let  fall  G  C  perpendicular  to 
X  X.     Through  G  draw  G  D  parallel  Fig.  243. 

to  X  X,  and   equal   to   the   radius  of 
gyration  of  the  body  about  the  axis  G  D.     Join  C  D.     Then  will 

C  E  =  C  D  =  >/  G  D*  +  C  G2  =  the  radius  of  gyration  of  the 
body  about  X  X.  From  D  draw  D  B  perpendicular  to  C  D, 
cutting  C  G  produced  in  B.  Then  will  B  be  the  centre  of  percus- 
sion of  the  body  for  the  axis  X  X. 

GD2 

To  find  B  by  calculation;  make  G  B  =   g>  ~  • 

C  is  the  centre  of  percussion  for  an  axis  traversing  B  parallel  to 
XX. 

II.  To  convert  the  body  into  an  "  equivalent  simple  pendulum  " 
for  the  axis  X  X,  or  for  an  axis  through  B  parallel  to  X  X ;  divide 
the  mass  of  the  body  into  two  parts  inversely  proportional  to  G  C 
and  G  B,  and  conceive  those  parts  to  be  concentrated  at  C  and  B 
respectively,  and  rigidly  connected  together. 

(Let  W  be  the  whole  mass,  and  C  and  B  the  two  parts;  then 
WGB  WGC\ 

C  B;    '  CB7 

(The  "  equivalent  simple  pendulum  "  has  the  same  weight  with 
the  given  body,  and  also  the  same  moment  of  weight,  and  the  same 
moment  of  inertia,  with  the  given  body,  relatively  to  an  axis  in  the 
given  direction  X  X,  traversing  either  C  or  B.) 

III.  Equivalent  Ring,  or  Equivalent  Fly-wheel. — When  the  given 
axis  traverses  the  centre  of  gravity,  G,  there  is  no  centre  of  per- 
cussion. The  moment  of  the  body's  weight  is  nothing,  and  its 
moment  of  inertia  is  the  same  as  if  its  whole  mass  were  concentrated 
in  a  ring  of  a  radius  equal  to  the  radius  of  gyration  of  the  body. 
That  ring  may  be  called  the  4<  equivalent  ring,"  or  M  equivalent 
fly-wheel." 
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315.  itedwced  iaertin. — If  in  a  certain  machine,  a  meting 
piece  whose  weight  is  W  has  a  velocity  always  bearing  tie 
ratio  n :  1  to  the  velocity  of  the  driving  point,  it  is  evident  that 
when  the  driving  point  undergoes  a  given  acceleration,  the  work 
performed  in  producing  the  corresponding  acceleration  in  the  piece 
in  question  is  the  same  with  that  which  would  have  been  required 
if  a  weight  n*  W  had  been  concentrated  at  the  driving  point. 

If  a  similar  calculation  be  performed  for  each  moving  piece  in  the 
machine,  and  the  results  added  together,  the  sum 

2-w9  W (1.) 

gives  the  weight  which,  being  concentrated  at  the  driving  point, 
would  require  the  same  work  for  a  given  acceleration  of  the  driving 
point  that  the  actual  machine  requires ;  so  that  if  ^  is  the  initial, 
and  va  the  final  velocity  of  the  driving  point,  the  work  of  accelera- 
tion of  the  whole  machine  is 

?•  ~  **  .  2n9W (2.) 

2? 

This  operation  may  be  called  the  reduction  of  tJie  inertia  to  the 
driving  point.  Mr.  Moseley,  by  whom  it  was  first  introduced  into 
the  theory  of  machines,  calls  the  expression  (1.)  the  "coefficient  of 
steadiness"  for  reasons  which  will  afterwards  appear. 

In  finding  the  reduced  inertia  of  a  machine,  the  mass  of  each 
rotating  piece  is  to  be  treated  as  if  concentrated  at  a  distance  from 
its  axis  equal  to  its  radius  of  gyration  o ;  so  that  if  v  represents  the 
velocity  of  the  driving  point  at  any  instant,  and  a  the  corresponding 
Angular  velocity  of  the  rotating  piece  in  question,  we  are  to  make 

*•  =  £* (3.) 

in  performing  the  calculation  expressed  by  the  formula  (1.) 

3 1 G.    Summary  of  Vnrioaa  Kind*  •€  Work. — In  order  to  present  at 

one  view  the  symbolical  expression  of  the  various  modes  of  perform- 
ing work  described  in  the  preceding  articles,  let  it  be  supposed  that  in 
a  certain  interval  of  time  d  I  the  driving  point  of  a  machine  moves 
through,  the  distance  ds;  that  during  the  same  time  its  centre  of 
gravity  is  elevated  through  the  height  dh;  that  resistances,  any 
one  of  which  is  represented  by  H,  are  overcome  at  points,  the  re- 
spective ratios  of  whose  velocities  to  that  of  the  driving  point  are 
denoted  by  n ;  that  the  weight  of  any  piece  of  the  mechanism  is  W,  and 
that  v!  denotes  the  ratio  of  its  velocity  (or  if  it  rotates,  the  ratio  of 
the  velocity  of  the  end  of  its  radius  of  gyration)  to  the  velocity  of 
the  driving  point;  and.  that  the  driving  poin^  whose  mean  velocity 
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is  v  =  -=-,  undergoes  the  acceleration  dv.     Then  the  whole  work 
at 

performed  during  the  interval  in  question  is 

dh-2W  +  ds-ZnR  +  ?*l  .  2n*W...(l.) 

if 

The  mean  total  resistance,  reduced  to  the  chiving  point,  may  be 
computed  by  dividing  the  above  expression  by  the  motion  of  the 
driving  point  ds  =  vd  t,  giving  the  following  result: — 

^.SW+2nR+-^   .  2n«¥ (2.) 

ds  gdt  x    ' 

Section  IL — Of  Deviating  and  Centrifugal  Force. 

317.   Deviating  Force  of  a  Single  Body.  (A.  M.t  537.) — It  is  part 

«f  the  first  law  of  motion,  that  if  a  body  moves  under  no  force,  or 
balanced  forces,  it  moves  in  a  straight  line.     {A,  M.,  510,  512.) 

It  is  one  consequence  of  the  second  law  of  motion,  that  in  order 
that  a  body  may  move  in  a  curved  path,  it  must  be  continually 
acted  upon  by  an  unbalanced  force  at  right  angles  to  the  direction 
of  its  motion,  the  direction  of  the  force  being  that  towards  which 
the  path  of  the  body  is  curved,  and  its  magnitude  bearing  the  same 
ratio  to  the  weight  of  the  body  that  the  height  due  to  the  body's 
velocity  bears  to  half  the  radius  of  curvature  of  its  path. 

This  principle  is  expressed  symbolically  as  follows : — 

Half  radios  of     Height  due  Body's  Deviating 

curvature         to  velocity.  weight.  force. 

r  i?3  "W  Vs 

t,        :        2-        ::        W        :        Q  =  — (1.) 

2  2g  gr  v    ' 

In  the  case  of  projectiles  and  of  the  heavenly  bodies,  deviating 
force  is  supplied  by  that  component  of  the  mutual  attraction  of 
two  masses  which  acts  perpendicular  to  the  direction  of  their  rela- 
tive motion.  In  machines,  deviating  force  is  supplied  by  the 
strength  or  rigidity  of  some  body,  which  guides  the  revolving  mass, 
making  it  move  in  a  curve. 

A  pair  of  free  bodies  attracting  each  other  have  both  deviated 
motions,  the  attraction  of  each  guiding  the  other;  and  their  devia- 
tions of  motion  relatively  to  their  common  centre  of  gravity  are 
inversely  as  their  masses. 

In  a  machine,  each  revolving  body  tends  to  press  or  draw  the 
body  which  guides  it  away  from  its  position,  in  a  direction  from 
the  centre  of  curvature  of  the  path  of  the  revolving  body;  and  that 
tendency  is  resisted  by  the  strength  and  stiffness  of  the  guiding 
body,  and  of  the  frame  with  which  it  is  connected. 
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318.  Ccatrifagai  Farce  (A,  Jf.9  538)  is  the  force  with  which  a 
revolving  body  reacts  on  the  body  that  guides  it,  and  is  equal  and 
opposite  to  the  deviating  force  with  which  the  guiding  body  acts 
on  the  revolving  body. 

In  fact,  as  has  been  already  stated,  every  force  is  an  action 
between  two  bodies ;  and  deviating  force  and  centrifugal  force  are 
but  two  different  names  for  the  same  force,  applied  to  it  according 
as  the  condition  of  the  revolving  body  or  that  of  the  guiding  body 
ih  under  consideration  at  the  time. 

3 19.  a  R«r«iriaf  Peadaiam  is  one  of  the  simplest  practical  appli- 
cations of  the  principles  of  deviating  force,  and  is  described  here 
because  its  use  in  regulating  the  speed  of  prime  movers  will  after- 
wards have  to  be  referred  to.  It  consists  of  a 
ball  A,  suspended  from  a  point  C  by  a  rod  C  A 
of  small  weight  as  compared  with  the  ball,  and 
revolving  in  a  circle  about  a  vertical  axis  C  B. 
The  tension  of  the  rod  is  the  resultant  of  the 
weight  of  the  ball  A,  acting  vertically,  and  of  ite 
centrifugal  force,  acting  horizontally ;  and  there- 
fore the  rod  will  assume  such  an  inclination  that 


Fig.  244. 


height  B  C 


weight 


„  ...(!•) 


radius  A  B       centrifugal  force 

where  r  =  A  B.     Let  T  be  the  number  of  turns  per  second  of  the 
pendulum,  and  a  its  angular  velocity;  then 

t>  =  or  =  2xTr; 


and  therefore,  making  B  C  =  /*, 


tr 


9 


(in  the  latitude  of  London) 


0-8154  foot      9-7848  inches 


f£2 


t£2 


■••(*> 


320.  Deriaftaff  Farce  la  Terms  «T  Angular  VeUcity.  (A.  M.y  540.) 
— When  a  body  revolves  in  a  circular  path  round  a  fixed  axis,  as 
is  almost  always  the  case  with  the  revolving  parts  of  machines,  the 
radius  of  curvature  of  its  path,  being  the  perpendicular  distance  of 
the  body  from  the  axis,  is  constant ;  and  the  velocity  v  of  the  body 
is  the  product  of  that  radius  into  the  angular  velocity;  or  symboli- 
cally, 

v  *■  ar  =  2t  Tr. 

If  these  values  of  the  velocity  be  substituted  for  v  in  equation  1  of 
Article  317,  it  becomes— 
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Wa2r     W-4-r«T*r 
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321.  Resaimnt  c«ntrifngni  F«rce.  (A.  Af.,  603.) — The  whole  cen- 
trifugal force  of  a  body  of  any  figure,  or  of  a  system  of  connected 
bodies,  rotating  about  an  axis,  is  the  same  in  amount  and  directum 
as  if  the  whole  mass  weie  concentrated  at  the  centre  of  ijravity  of 
the  system.  That  is  to  say,  in  the  formula  of  Article  320,  W  is  to 
be  held  to  represent  the  weight  of  the  whole  body  or  system,  and  r 
the  perpendicular  distance  of  its  centre  of  gravity  from  the  axis; 
and  the  line  of  action  of  the  resultant  centrifugal  force  Q  is  always 
parallel  to  r,  although  it  does  not  in  every  case  coincide  with  r. 

When  the  axis  of  rotation  traverses  the  centre  of  gravity  of  the 
body  or  system,  the  amount  of  the  centrifugal  force  is  not/ting; 
that  is  to  say,  the  rotating  body  does  not  tend  to  pull  its  axis  as  a 
whole  out  of  its  place. 

The  centrifugal  forces  exerted  by  the  various  rotating  pieces  of 
a  machine  against  the  bearings  of  their  axles  are  to  be  taken  into 
account  in  determining  the  lateral  pressures  which  cause  friction, 
and  the  strength  of  the  axles  and  framework. 

As  those  centrifugal  forces  cause  increased  friction  and  stress, 
and  sometimes,  also,  by  reason  of  their  continual  change  of  direc- 
tion, produce  detrimental  or  dangerous  vibration,  it  is  desirable  to 
reduce  them  to  the  smallest  possible  amount;  and  for  that  purpose, 
unless  there  is  somo  special  reason  to  the  contrary,  the  axis  of  ro- 
tation of  every  piece  which  rotates  rapidly  ought  to  traverse  its 
centre  of  gravity,  that  the  resultant  centrifugal  force  may  be  no- 
thing. 

322.  Centrifugal  Couple — Permanent  Axi* — It  is  not,  however, 

sufficient  to  annul  the  effect  of  centrifugal  force,  that  there  should 
be  no  tendency  to  shift  the  axis  as  a  wholo ;  there  should  also  be 
no  tendency  to  turn  it  into  a  new  angular  position. 

To  show,  by  the  simplest  possible  example,  that  the  latter  ten* 
dency  may  exist  without 
the  former,  let  the  axis  of 
rotation  of  the  system 
shown  in  fig.  245  be  the 
centre  line  of  an  axle  rest- 
ing in  bearings  at  E  and  F. 
At  B  and  D  let  two  arms 
project  perpendicularly  to 
that  axle,  in  opposite  direc- 
tions in  the  same  plane, 
carrying  at  their  extremi- 
ties two  heavy  bodies  A  and  &     Let  the  weights  of  the  arms  be 


Fig.  245. 
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insensible  as  compared  with  the  weights  of  those  bodies;  and  lei 
the  weights  of  the  bodies  be  inversely  as  their  distances  from  the 
axis ;  that  is,  let 

A  •  AB  =  0  •  CD. 

Let  A  C  be  a  straight  line  joining  the  centres  of  gravity  of  A 
and  C,  and  cutting  the  axis  in  G;  then  G  is  the  common  centre  of 
gravity  of  A  and  C,  and  being  in  the  axis,  the  resultant  centrifugal 
force  is  nothing. 

In  other  words,  let  a  be  the  angular  velocity  of  the  rotation^ 
then 

The  centrifugal  force  exerted  on  the  axis  by  A 

a?  AAB 

~       g       ' 

The  centrifugal  force  exerted  on  the  axis  by  0 

a'CCD 

7     *~ ' 

and  those  forces  are  equal  in  magnitude  and  opposite  in  direction; 
so  that  there  is  no  tendency  to  remove  the  point  G  in  any  direc- 
tion. 

There  is,  however,  a  tendency  to  turn  the  axis  about  the  point  G, 
being  the  product  of  the  common  magnitude  of  the  couple  of  cen- 
trifugal forces  above  stated,  into  their  leverage  \  that  is,  the  perpen- 
dicular distance  B  D  between  their  lines  of  action.  That  product 
is  called  the  moment  qftlie  centrifugal  couple;  and  is  represented  by 

Q'Blj (1.) 

Q  being  the  common  magnitude  of  the  equal  and  opposite  centri- 
fugal forces. 

That  couple  causes  a  couple  of  equal  and  opposite  pressures  of 
the  journals  of  the  axle  against  their  bearings  at  E  and  F,  in  the 
directions  represented  by  the  arrows,  and  of  the  magnitude  given 
by  the  formula — 

y   we' {~> 

these  pressures  continually  change  their  directions  as  the  bodies 
A  and  C  revolve;  and  they  are  resisted  by  the  strength  and 
rigidity  of  the  bearings  and  frame.  It  is  desirable,  when  practi- 
cable, to  reduce  them  to  nothing ;  and  for  that  purpose,  the  points 
B,  G,  and  D  should  coincide ;  in  which  case  the  centre  line  of  the 
axle  E  F  is  said  to  be  a  permanent  axis. 

When  there  are  more  than  two  bodies  in  the  rotating  system, 
the  centrifugal  couple  is  found  as  follows ;— > 
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Let  X  X',  fig.  246,  represent  the  axis  of  rotation;  G,  the  centre 
of  gravity  of  the  rotating  body  or  system,  situated  in  that  axis ;  so 
that  the  resultant  centrifugal  force  is  nothing. 

Let  W  be  any  one  of  the  parts  of 
-which  the  body  or  system  is  com- 
posed, so  that,  the  weight  of  that 
part  being  denoted  by  W,  the 
weight  of  the  whole  body  or  sys- 
tem may  be  denoted  by  2  *  W. 

Let  r  denote  the  perpendicular 
distance  of  the  centre  of  W  from 
the  axis ;  then 


Wa*r 


Fig.  246. 


is  the  centrifugal  force  of  W,  pull- 
ing the  axis  in  the  direction  x  W. 

Assume  a  pair  of  axes  of  co-ordinates,  G  Z,  G  Y, 
perpendicular  to  X  X'  and  to  each  other,  and  fixed 
relatively  to  the  rotating  body  or  system — that  is, 
rotating  along  with  it. 

From  W  let  fall  W  y  perpendicular  to  the  plane 

of  G  X  and  G  Y,  and  parallel  to  G  Z  ;  also  Wz, 
]>erpeudicular  to  the  piano  of  GX  and  GZ,  and 
parallel  to  G  Y  ;  and  make 


Fig.  247. 


jcy  =  "Ws  =  y;   xz  =  Wy  =  z;   Qx=zx. 

Then  the  centrifugal  force  which  W  exerts  on  the  axis,  and  which 
is  proportional  to  r,  may  be  resolved  into  two  components,  in  the* 
direction  of,  and  proportional  to,  y  and  z  respectively,  viz. : — 


Waa 


9 


J-  parallel  to  G  Y,  and 


parallel  toGZ; 


and  those  two  component  forces,  being  both  applied  at  the  end  of 

the  lever  G  x  =  x,  exert  moments,  or  tendencies  to  turn  the  axis 
X  X'  about  the  point  Z,  expressed  as  follows : — 


Waa 


yjH,  tending  to  turn  G  X  about  G  Z  towards  G  Y; 


9 

W  a*  z  x>  tending  to  turn  GX  about  G  Y  towards  GZ. 
9 
In  the  same  manner  are  to  be  found  the  several  moments  of  the 
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centrifugal  forces  of  all  the  other  parts  of  which  the  body  or  system 
consists;  and  core  is  to  be  taken  to  distinguish  moments  which 
tend  to  turn  the  axis  towards  G  Y  or  G  Z  from  those  which  tend  to 
turn  it  from  those  positions,  by  treating  one  of  these  classes  of 
quantities  as  positive,  and  the  other  as  negative. 

Then  by  adding  together  the  positive  moments  and  subtracting 
the  negative  moments  for  all  the  parts  of  the  body  or  system,  are 
to  be  found  the  two  sums, 

-  •  SWyx;  -  .  SWsx; (3.) 

9  9 

which  represent  the  total  tendencies  of  all  the  centrifugal  forces  to 
turn  the  axis  in  the  planes  of  G  Y  and  G  Z  respectively. 

In  fig.  247  lay  down  G  Y  to  represent  the  former  moment,  and 
G  Z,  perpendicular  to  G  Y,  to  represent  the  latter.  Then  the  dia- 
gonal G  M  of  the  rectangle  G  Z  M  Y  will  represent  the  resultant 
moment  of  what  is  called  the  Centrifugal  Couple,  and  the  direc- 
tion of  that  line  will  indicate  the  direction  in  which  that  couple 
tends  to  turn  the  axis  G  X  about  the  point  G.  Its  value,  and  its 
angular  position,  are  given  by  the  equations, 


GY»+  GZ2);  | 
=  GZ-5-GY   J 


GM=  J( 

VV      _        _'     h  (4.) 

tan^YGM      ~-       ~-    l 


The  condition  which  it  is  desirable  to  fulfil  in  all  rapidly  rotating 
pieces  of  machines,  that  the  axis  of  rotation  shall  be  a  permanent 
axis,  is  fulfilled  when  each  of  the  sums  in  the  formula  3  is  nothing; 
that  is,  when 

2-Wy*  =  0-  2-Wss  =  0, (5.) 

The  question,  whether  the  axis  of  a  rotating  piece  is  a  permanent 
axis  or  not,  is  tested  experimentally  by  making  the  piece  spin  round 
rapidly  with  its  shaft  resting  in  bearings  which  are  suspended  by 
chains  or  cords,  so  as  to  be  at  liberty  to  swing.  If  the  axis  is  not 
a  permanent  axis,  it  oscillates ;  if  it  is,  it  remains  steady. 

When  the  axis  of  rotation  traverses  the  centre  of  gravity  of  the 
piece,  there  is  said  to  be  a  standing  balance;  when  it  is  also  a 
permanent  axis,  there  is  said  to  be  a  running  balance. 

Section  III. — Of  Effort,  Energy,  Power,  and  Efficiency. 

323.  Effort  is  a  name  applied  to  a  force  which  acts  on  a  body  in 
the  direction  of  its  motion  (A.  AI.,  511). 

If  a  force  is  applied  to  a  body  in  a  direction  making  an  acute 
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angle  with  the  direction  of  the  body's  motion,  the  component 
of  that  oblique  force  along  the  direction  of  the  body's  motion  is  an 
effort.     That  is  to  say,  in  fig.  248,  let  A  B  represent  the  direction 

in  which  A  is  moving;  let  A  F  repre- 
sent a  force  applied  to  A,  obliquely  to 
that  direction;  from  F  draw  F  P  per- 
pendicular to  A  B;  then  A  P  is  the 
effort  due  to  the  force  AF.     The  trans-  F 

verse  component  P  F  is  a  lateral  force, 

like  the  transverse  component  of  the  oblique  resisting  force  in 

Article  304.  

To  express  this  algebraically,  let  the  entire  force  A  F  =  F,  the 
effort  A~P  =  P,  the  lateral  force  PF  =  Q,  and  the  angle  of  obli- 
quity PAF  =  /.     Then 


P  =  F  •  cos  *  ;| 
Q  =  F  •  sin  *  j 


■(!-) 


324.  Condition  of  Uniform  Speed.  (A.  Jf.,  510,  512,  537.) — Ac- 
cording to  the  first  law  of  motion,  in  order  that  a  body  may  move 
uniformly,  the  forces  applied  to  it,  if  any,  must  balance  each  other; 
and  the  same  principle  holds  for  *  machine  consisting  of  any  num- 
ber of  bodies. 

When  the  direction  of  a  body's  motion  varies,  but  not  the  velocity, 
the  lateral  force  required  to  produce  the  change  of  direction  depends 
on  the  principles  set  forth  in  Section  2 ;  but  the  condition  of  balance 
still  holds  for  the  forces  which  act  along  the  direction  of  the  body's 
motion,  that  is,  for  the  efforts  and  resistances;  so  that,  whether  for 
a  single  body  or  for  a  machine,  the  condition  of  uniform  velocity  is, 
that  the  efforts  shall  balance  the  resistances. 

In  a  machine,  this  condition  must  be  fulfilled  for  each  of  the 
single  moving  pieces  of  which  it  consists. 

It  can  be  shown  from  the  principles  of  statics  (that  is,  the  science 
of  balanced  forces),  that  in  any  body,  system,  or  machine,  that  con- 
dition is  fulfilled  when  tlie  sum  of  the  products  of  the  efforts  into  the 
velocities  of  their  respective  points  of  action  is  equal  to  the  sum  oftlue 
products  of  the  resistances  into  tJte  velocities  of  the  points  where  tJiey 
are  overcome. 

Thus,  let  v  be  the  velocity  of  a  driving  point,  or  point  where  an 
effort  P  is  applied ;  v'  the  velocity  of  a  working  point,  or  point  where 
a  resistance  R  is  overcome ;  the  condition  of  uniform  velocity  for  any 
body,  system,  or  machine  is 

2  •  P  v  =  a  •  R  v1 (1.) 

If  there  be  only  one  driving  point,  or  if  the  velocities  of  all  the 

2b 


370  DYNAMICS  OF  MACHINERY. 

■ 

driving  points  be  alike,  then  P  being  the  total  effort,  the  single 
product  F  v  may  be  put  in  in  place  of  the  sum  *  •  P  v;  reducing 
the  above  equation  to 

Pt>  =  2  •  Rt/ (2.) 

Referring  now  to  Article  305,  let  the  machine  be  one  in  which  the 
comparative  or  proportionate  velocities  of  all  the  points  at  a  given 
instant  are  known  independently  of  their  absolute  velocities,  from 
the  construction  of  the  machine ;  so  that,  for  example,  the  velocity 
of  the  point  where  the  resistance  R  is  overcome  bears  to  that  of 
the  driving  point  the  ratio 

then  the  condition  of  uniform  speed  may  be  thus  expressed  : — 

P  =  *  •  n  -R; (3.) 

that  is,  the  total  effort  is  equal  to  die  sum  of  the  resistances  reduced  to 

Hie  driving  point, 

325.  Energy— Potential  Energy.  (A.  M.y  514,  517,  593,  660.) — 
Energy  mean*  capacity  for  performing  work,  and  is  expressed,  like 
work,  by  the  product  of  a  force  into  a  space. 

The  energy  of  an  effort,  sometimes  called  "potential  energy  "  (to 
distinguish  it  from  another  form  of  energy  to  be  afterwards  referred 
to),  is  the  product  of  the  effort  into  tJie  distance  Uirough  which  it  is 
capable  of  acting.  Thus,  if  a  weight  of  100  pounds  be  placed  at  an 
elevation  of  20  feet  above  the  ground,  or  above  the  lowest  plane 
to  which  the  circumstances  of  the  case  admit  of  its  descending, 
that  weight  is  said  to  possess  potential  energy  to  the  amount  of 
100  x  20  =  2,000  foot-pounds;  which  means,  that  in  descending 
from  its  actual  elevation  to  the  lowest  point  of  its  course,  the 
weight  is  capable  of  performing  work  to  that  amount. 

To  take  another  example,  let  there  be  a  reservoir  containing 
10,000,000  gallons  of  water,  in  such  a  position  that  the  centre  of 
gravity  of  the  mass  of  water  in  the  reservoir  is  100  feet  above  the 
lowest  point  to  which  it  can  be  made  to  descend  while  overcoming 
resistance.  Then  as  a  gallon  of  water  weighs  10  lbs.,  the  weight  of 
the  store  of  water  is  100,000,000  lbs.,  which  being  multiplied  by 
the  height  through  which  that  weight  is  capable  of  acting,  100  feet, 
gives  10,000,000,000  foot-pounds  for  the  potential  energy  of  the 
weight  of  the  store  of  water. 

326.  Equality  of  Energy  Exerted  and  Work  Perforated* — When 

an  effort  actually  does  drive  its  point  of  application  through  a 
certain  distance,  energy  to  the  amount  of  the  product  of  the  effort 
into  that  distance  is  said  to  be  exerted;  and  the  potential  energy, 
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or  energy  which  remains  capable  of  being  exerted,  is  to  that  amount 
diminished. 

When  the  energy  is  exerted  in  driving  a  machine  at  an  uniform 
speed,  it  is  equal  to  the  work  performed. 

To  express  this  algebraically,  let  t  denote  the  time  during  which 
the  energy  is  exerted,  v  the  velocity  of  a  driving  point  at  which  an 
effort  P  is  applied,  8  the  distance  through  which  it  is  driven,  t/  the 
velocity  of  any  working  point  at  which  a  resistance  It  is  overcome, 
«'  the  distance  through  which  it  is  driven;  then 

8  =  v  t;  8*  =  v  t; 

and  multiplying  equation  1  of  Article  324  by  the  time  t,  we  obtain 
the  following  equation : — 

2-Pt>$=»2'Rt>'*  =  2-P*  =  2 -It*'; (1.) 

which  expresses  the  equality  of  energy  exerted,  and  work  per* 
formed,  for  constant  efforts  and  resistances. 

When  the  efforts  and  resistances  vary,  it  is  sufficient  to  refer  to 
Article  307,  to  show  that  the  same  principle  is  expressed  as 
follows : — 

2  j  P  ds  =  2  j  Rds*; (2.) 

where  the  symbol   /  expresses  the  operation  of  finding  the  work 

performed  against  a  varying  resistance,  or  the  energy  exerted  by  a 
varying  effort,  as  the  case  may  be ;  and  the  symbol  2  expresses  the 
operation  of  adding  together  the  quantities  of  energy  exerted,  or 
work  performed,  as  the  case  may  be,  at  different  points  of  the 
machine. 

327.  Yariou.  Factors  of  Energy. — A  quantity  of  energy,  like  a 
quantity  of  work,  may  be  computed  by  multiplying  either  a  force 
into  a  distance,  or  a  statical  moment  into  an  angular  motion,  or  the 
intensity  of  a  pressure  into  a  volume.  These  processes  have  already 
been  explained  in  detail  in  Articles  301  and  302,  pages  340  to  341. 

328.  The  Energy  Exerted  In  Producing  Acceleration  {A.  M.y  549) 

is  equal  to  the  work  of  acceleration,  whose  amount  has  been  inves- 
tigated in  Articles  312  and  313,  pages  354  to  357. 

329.  The  Accelerating  Effort  (A.  J/.,  554)  by  which  a  given  in- 
crease of  velocity  in  a  given  mass  is  produced,  and  which  is  exerted 
by  the  driving  body  against  the  driven  body,  is  equal  and  opposite 
to  the  resistance  due  to  acceleration  which  the  driven  body  exerts 
against  the  driving  body,  and  whose  amount  has  been  given  in 
Articles  312  and  313.  Referring,  therefore,  to  equations  4  and  8 
of  Article  312,  we  find  the  two  following  expressions,  the  first  of 
which  gives  the  accelerating  effort  required  to  produce  a  given 
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p 

W 

9 

v  dv 
da  " 

dv 
dt 

W 

9 

• 

9 

2rf« 

acceleration  dv  in  &  body  whose  weight  is  W,  when  the  ftiiM  dtm 
which  that  acceleration  is  to  be  produced  is  given,  and  the  second, 
the  same  accelerating  effort,  when  the  distance  dt  =  v  d  t  in  which 
the  acceleration  is  to  be  produced  is  given  : — 


a) 


(3-) 

Referring  next  to  Article  313,  page  357,  we  find  from  equations 
5, 6, and  7,  that  the  work  of  acceleration  correspondingly)  an  iu crease 
d  a  in  the  angular  velocity  of  a  rotating  body  whose  moment  of 
inertia  is  I,  is 

I  *  d  (a*)  _  I  ad  a 

Let  dtbe  the  time,  and  di  =  adt the  angular  motion  in  which 
that  acceleration  is  to  be  produced ;  let  P  be  the  accelerating  effort, 
and  I  its  leverage,  or  the  perpendicular  distance  of  its  line  of  action 
from  the  axis;  then,  according  as  the  time  dt,  or  the  angle  di,  is 
given,  we  have  the  two  following  expressions  for  the  accelerating 
couple ;— 

P/  =  -.^,- (3.) 


dt 


I 

9 


a  d  a 
HT 


I 

9 


d(tf) 
2  di' 


(4.) 


Lastly,  referring  to  A  rticle  315,  page  362,  equation  2,  we  find,  that 
if  a  train  of  mechanism  consists  of  various  parts,  and  if  W  be  the 
weight  of  any  one  of  those  parts,  whose  velocity  t/  bears  to  that  of 


v 


the  driving  point  v  the  ratio  —  =  n9  then  the  accelerating   effort 

which  must  be  applied  to  the  driving  point,  in  order  that,  during 
the  interval  d  ty  in  which  the  driving  point  moves  through  the 
distance  ds  =  v  d  t,  that  point  may  undergo  the  acceleration  d  v, 
and  each  weight  W  the  corresponding  acceleration  ndv,  is  given 
by  one  or  other  of  the  two  formulae — 


P  = 


zti'W    dv 
a      "  dt* 


n'W 


v  dv 


*n* 


W 


9 


2dV 


(5.) 


(6.) 
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330.  Work   Daring    Retardation — Energy 

{A.  Af.,  528,  549,  550.)— In  order  to  cause  a  given  retardation,  or 
diminution  of  the  velocity  of  a  given  body,  in  a  given  time,  or 
while  it  traverses  a  given  distance,  resistance  must  be  opposed  to 
its  motion  equal  to  the  effort  which  would  be  required  to  produce 
in  the  same  time,  or  in  the  same  distance,  an  acceleration  equal  to 
the  retardation, 

A  moving  body,  therefore,  while  being  retarded,  overcomes  re- 
sistance  and  performs  work;  and  that  work  is  equal  to  the  energy 
exerted  in  producing  an  acceleration  of  the  same  body  equal  to  the 
retardation. 

It  is  for  this  reason  that  it  has  been  stated,  in  Article  312,  that 
the  work  performed  in  accelerating  the  speed  of  the  moving  pieces 
of  a  machine  is  not  necessarily  lost;  for  those  moving  pieces,  by 
returning  to  their  original  speed,  are  capable  of  performing  an, 
equal  amount  of  work  in  overcoming  resistance;  so  that  the  per- 
formance of  such  work  is  not  prevented,  but  only  deferred.  Hence 
energy  exerted  in  acceleration  is  said  to  be  stored;  and  when  by  a 
subsequent  and  equal  retardation  an  equal  amount  of  work  is  per- 
formed, that  energy  is  said  to  be  restored. 

The  algebraical  expressions  for  the  relations  between  a  retarding 
resistance,  and  the  retardation  which  it  produces  in  a  given  body 
by  acting  during  a  given  time  or  through  a  given  space,  are  ob- 
tained from  the  equations  of  Article  329  simply  by  putting  R,  the 
symbol  for  a  resistance,  instead  of  P,  the  symbol  for  an  effort,  and 
—  d  v,  the  symbol  for  a  retardation,  instead  of  d  v,  the  symbol  for 
an  acceleration. 

331.  The  Acmai  Energy  (A.  M.,  547,  589)  of  a  moving  body  is 
the  work  which  it  is  capable  of  performing  against  a  retarding 
resistance  before  being  brought  to  rest,  and  is  equal  to  the  energy 
which  must  be  exerted  on  the  body  to  bring  it  from  a  state  of  rest 
to  its  actual  velocity.  The  value  of  that  quantity  is  the  product  of 
the  weight  of  tike  body  into  the  foight  from  which  it  must  fall  to 
acquire  its  actual  velocity;  that  is  to  say, 

Y* (n 

The  total  actual  energy  of  a  system  of  bodies,  each  moving  ■with 
its  own  velocity,  is  denoted  by 

2g     * <2> 

and  when  those  bodies  are  the  pieces  of  a  machine,  whose  velocities 


374  DYNAMICS  OF  MACHINERY. 

bear  definite  ratios  (any  one  of  which  is  denoted  by  n)  to  the  velo- 
city of  the  driving  point  v,  their  total  actual  energy  is 

Tj'™tw> W 

being  the  product  of  the  reduced  inertia  (or  co-efficient  of  steadiness, 
as  Mr.  Moseley  calls  it)  into  the  height  due  to  the  velocity  of  the 
driving  point. 

The  actual  energy  of  a  rotating  body  whose  angular  velocity  is  a, 
and  moment  of  inertia  2  "W  r5  =  I,  is 

*I.    (4) 

that  is,  the  product  of  the  moment  of  inertia  into  the  height  due  to  the 
velocity,  a,  of  a  point,  tuliose  distance  from  the  axis  of  rotation  is 
unity. 

When  a  given  amount  of  energy  is  alternately  stored  and  re- 
stored by  alternate  increase  and  diminution  in  the  speed  of  a  ma- 
chine, the  actual  energy  of  the  machine  is  alternately  increased  and 
diminished  by  that  amount. 

Actual  energy,  like  motion,  is  relative  only.  That  is  to  say,  in 
computing  the  actual  energy  of  a  body,  which  is  the  capacity  it 
possesses  of  performing  work  upon  certain  other  bodies  by  reason 
of  its  motion,  it  is  the  motion  relatively  to  those  oilier  bodies  that  is 
to  be  taken  into  account. 

For  example,  if  it  be  wished  to  determine  how  many  turns  a 
wheel  of  a  locomotive  engine,  rotating  with  a  given  velocity,  would 
make,  before  being  stopped  by  tJte  friction  of  its  bearings  only,  sup- 
posing it  lifted  out  of  contact  with  the  rails, — the  actual  energy  of 
that  wheel  is  to  be  taken  relatively  to  Hie  frame  of  the  engine  to 
which  those  bearings  are  fixed,  and  is  simply  the  actual  energy  due 
to  the  rotation.  But  if  the  wheel  be  supposed  to  be  detached  from 
the  engine,  and  it  is  inquired  how  high  it  will  ascend  up  a  perfectly 
smooth  inclined  plane  before  being  stopped  by  Hie  attraction  of  tlie 
earth,  then  its  actual  energy  is  to  be  taken  relatively  to  the  earth; 
that  is  to  say,  to  the  energy  of  rotation  already  mentioned,  is  to  be 
added  the  energy  due  to  the  translation  or  forward  motion  of  the 
wheel  along  with  its  axis. 

332.  A  Reciprocating  Force  {A.  M.,  556)  is  a  force  which  acts 
alternately  as  an  effort  and  as  an  equal  and  opposite  resistance, 
according  to  the  direction  of  motion  of  the  body.  Such  a  force  is 
the  weight  of  a  moving  piece  whose  centre  of  gravity  alternately 
rises  and  falls;  and  such  is  the  elasticity  of  a  perfectly  elastic  body. 
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\  The  work  which  a  body  performs  in  moving  against  a  reciprocating 
force  is  employed  in  increasing  its  own  potential  energy!  and  is  not 
lost  by  the  body;  so  that  by  the  motion  of  a  body  alternately 
against  and  with  a  reciprocating  force,  energy  is  stored  and  re- 
stored, as  well  as  by  alternate  acceleration  and  retardation. 

Let  i  W  denote  the  weight  of  the  whole  of  the  moving  pieces 
of  any  machine,  and  h  a  height  through  which  the  common  centre 
of  gravity  of  them  all  is  alternately  raised  and  lowered.  Then  the 
quantity  of  energy —  A  *  "W 

is  stored  while  the  centre  of  gravity  is  rising,  and  restored  while  it 
is  falling. 

These  principles  are  illustrated  by  the  action  of  the  plungers  of 
a  single  acting  pumping  steam  engine.  The  weight  of  those 
plungers  acts  as  a  resistance  while  they  are  being  lifted  by  the 
pressure  of  the  steam  on  the  piston;  and  the  same  weight  acts  as 
effort  when  the  plungers  descend  and  drive  before  them  the  water 
with  which  the  pump  barrels  have  been  filled.  Thus,  the  energy 
exerted  by  the  steam  on  the  piston  is  stored  during  the  up-etroke 
of  the  plungers ;  and  during  their  down-stroke  the  same  amount  of 
energy  is  restored,  and  employed  in  performing  the  work  of  raising 
water  and  overcoming  its  friction. 

333.  Periodical  motion.  (A.M.,  553.)-~-If  a  body  moves  in  such 
a  manner  that  it  periodically  returns  to  its  original  velocity,  then 
at  the  end  of  each  period,  the  entire  variation  of  its  actual  energy 
is  nothing ;  and  if,  during  any  part  of  the  period  of  motion,  energy 
has  been  stored  by  acceleration  of  the  body,  the  same  quantity  of 
energy  exactly  must  have  been  during  another  part  of  the  period 
restored  by  retardation  of  the  body. 

If  the  body  also  returns  in  the  course  x*f  the  same  period  to  the 
same  position  relatively  to  all  bodies  which  exert  reciprocating 
forces  on  it — for  example,  if  it  returns  periodically  to  the  same 
elevation  relatively  to  the  earth's  surface— any  quantity  of  energy 
which  has  been  stored  during  one  part  of  the  period  by  moving 
against  reciprocating  forces  must  have  been  exactly  restored  during 
another  part  of  the  period. 

Hence  at  the  end  of  each  period,  the  equality  of  energy  and  work, 
and  the  balance  of  mean  effort  and  mean  resistance,  holds  with 
respect  to  the  driving  effort  and  the  resistances,  exactly  as  if  the  speed 
were  uniform  and  the  reciprocating  forces  null;  and  all  the  equa- 
tions of  Articles  324  and  326  are  applicable  to  periodic  motion,  pro- 
vided that  in  the  equations  of  Article  324,  and  equation  1  of  Article 
326,  P,  R,  and  v  are  held  to  denote  the  mean  values  of  the  efforts, 
resistances,  and  velocities, — that  s  and  s*  are  held  to  denote  spaces 
moved  through  in  one  or  more  entire  periods, — and  that  in  equa« 
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tion  2  of  Article  326,  the  integrations  denoted  by  /  be  held  to 

extend  to  one  or  more  entire  periods. 

These  principles  are  illustrated  by  the  steam  engine.  The  velo- 
cities of  its  moving  parts  are  continually  varying,  and  those  of  \ 
some  of  them,  such  as  the  piston,  are  periodically  reversed  in  direc-  | 
tion.  But  at  the  end  of  each  period,  called  a  revolution,  or  double- 
stroke,  every  part  returns  to  its  original  position  and  velocity ;  so 
that  the  equality  of  energy  and  work,  and  the  equality  of  the  mean 
effort  to  the  mean  resistance  reduced  to  the  driving  point, — that  is, 
the  equality  of  the  mean  effective  pressure  of  the  steam  on  the  pis- 
ton to  the  mean  total  resistance  reduced  to  the  piston — hold  for 
one  or  any  whole  number  of  complete  revolutions,  exactly  as  for 
uniform  speed. 

It  thus  appears  that  (as  stated  at  the  commencement  of  this 
Part)  there  are  two  fundamentally  different  ways  of  considering  a 
periodically  moving  machine,  each  of  which  must  be  employed  in 
succession,  in  order  to  obtain  a  complete  knowledge  of  its  work- 
ing. 

u  I.  In  the  first  place  is  considered  the  action  of  the  machine 
during  one  or  more  whole  periods,  with  a  view  to  the  determina- 
tion of  the  relation  between  the  mean  resistances  and  mean  efforts, 
and  of  the  efficiency;  that  is,  the  ratio  which  the  useful  part  of 
its  work  bears  to  the  whole  expenditure  of  energy.  The  motion  of 
every  ordinary  machine  is  either  uniform  or  periodical. 

"  II.  In  the  second  place  is  to  be  considered  the  action  of  the 
machine  during  intervals  of  time  less  than  its  period,  in  order  to 
determine  the  law  of  the  periodic  changes  in  the  motions  of  the 
pieces  of  which  the  machine  consists,  and  of  the  periodic  or  recip- 
rocating forces  by  which  such  changes  are  produced." 

334.  Staning  and  Slopping.  (A.  M.,  691.) — The  starting  of  a 
machine  consists  in  setting  it  in  motion  from  a  state  of  rest,  and 
bringing  it  up  to  its  proper  mean  velocity  This  operation  requires 
the  exertion,  besides  the  energy  required  to  overcome  the  mean 
resistance,  of  an  additional  quantity  of  energy  equal  to  the  actual 
energy  of  the  machine  when  moving  with  its  mean  velocity,  as 
found  according  to  the  principles  of  Article  331,  page  373. 

If,  in  order  to  stop  a  machine,  the  effort  of  the  prime  mover  is 
siroply  suspended,  the  machine  will  continue  to  go  until  work  has 
been  performed  in  overcoming  resistances  equal  to  the  actual  energy 
due  to  the  speed  of  the  machine  at  the  time  of  suspending  the  effort 
of  the  prime  mover. 

In  order  to  diminish  the  time  required  by  this  operation,  the 
resistance  may  be  increased  by  means  of  the  friction  of  a  brake. 
Brakes  will  be  further  described  in  the  sequel. 

335.  The  Eincicncy  of  a  machine  is  a  fraction  expressing  the  ratio 
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of  ibe  useful  work  to  the  whole  work,  which  is  equal  to  the  energy 
expended.  The  Counter-efficiency  is  the  reciprocal  of  the 
efficiency,  and  is  the  ratio  in  which  the  energy  expended  is  greater 
than  the  useful  work.  The  object  of  improvements  in  machines  is 
to  bring  their  efficiency  and  counter-efficiency  as  near  to  unity  as 
possible. 

As  to  useful  and  lost  work,  see  Article  308.  The  algebraical  ex- 
pression of  the  efficiency  of  a  machine  having  uniform  or  periodical 
motion,  is  obtained  by  introducing  the  distinction  between  useful 
and  lost  work  into  the  equations  of  the  conservation  of  energy. 
Thus,  let  P  denote  the  mean  effort  at  the  driving  point ;  *,  the  sj  tace 
described  by  it  in  a  given  interval  of  time,  l>eing  a  whole  number 
of  periods  of  revolutions;  Rx,  the  mean  useful  resistance;  8V  the 
space  through  which  it  is  overcome  in  the  same  interval ;  Rg,  any 
oue  of  the  wasteful  resistances;  8%,  the  space  through  which  it  is 
overcome;  then 

PfsR,*  +  v  .R,,f; (1.) 

and  the  efficiency  of  the  machine  is  expressed  by 

R|  8\  Ri  8X 


■(*> 


P  8  R,  8l  +  2  '  R»  «a 

In  many  cases  the  lost  work  of  a  machine,  R,  *„  consists  of  a  con- 
stant part,  and  of  a  part  bearing  to  the  useful  work  a  proportion 
depending  in  some  definite  manner  on  the  sizes,  figures,  arrange- 
ment, and  connection  of  the  pieces  of  the  train,  on  which  also  de- 
pends the  constant  part  of  the  lost  work.  In  such  cases  the  whole 
energy  expended  and  the  efficiency  of  the  machine  are  expressed  by 
the  equations 

P«  =  (l+A)Rl«1+B; 

R,*  1 


8 


1  +  A  + 


B 
Ri* 


(3.) 


and  the  first  of  these  is  the  mathematical  expression  of  what  Mr* 
Moseley  calls  the  "  modulus  "  of  a  machine. 

The  useful  work  of  an  intermediate  piece  in  a  train  of  mechanism 
consists  in  driving  the  piece  which  follows  it,  and  is  less  than  the 
energy  exerted  upon  it  by  the  amount  of  the  work  lost  in  overcom- 
ing its  own  friction.  Hence  the  efficiency  of  such  an  intermediate 
piece  is  the  ratio  of  the  work  performed  by  it  in  driving  the  follow- 
ing piece,  to  the  energy  exerted  on  it  by  the  preceding  piece;  and  it 
is  evident  that  the  efficiency  of  a  machine  is  the  product  of  (lie  effi- 
ciencies of  the  series  of  moving  pieces  which  transmit  energy  from  the 
driving  point  to  the  working  point.   The  same  principle  applies  to  a 
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ti-a!n  of  successive  machines,  each  driving  that  which  follows  it;  and 
to  counter-efficiency  as  well  as  to  efficiency. 

336.  Power  and  Effect—  Horse-Power. — The  power  of  a  machine 

is  the  energy  exerted,  and  the  effect,  the  useful  work  performed,  in 
some  interval  of  time  of  definite  length,  such  as  a  second,  a  minute, 
-an  hour,  or  a  day. 

The  unit  of  power  called  conventionally  a  horse-power,  is  550 
foot-pounds  per  second,  or  33,000  foot-pounds  per  minute,  or 
1,980,000  foot-pounds  per  hour.  The  effect  is  equal  to  the  power 
multiplied  by  the  efficiency ;  and  the  power  is  equal  to  the  effect 
multiplied  by  the  counter-efficiency.  The  loss  of  power  is  the  dif- 
ference between  the  effect  and  the  power.  As  to  the  French 
"Force  de  Cheval,"  see  Article  299,  page  339.  It  is  equal  to 
0*9863  of  a  British  horse-power;  and  a  British  horse-power  is 
1*0139  force  de  cheval. 

337.  General  Equation. — The  following  general  equation  pre- 
sents at  one  view  the  principles  of  the  action  of  machines,  whether 
moving  uniformly,  periodically,  or  otherwise : — 

f?ds  =  2  JRds'+hZW  +  2'W(V}~~vl); 

•where  W  is  the  weight  of  any  moving  piece  of  the  machine ; 

/*,  when  positive,  the  elevation,  and  when  negative,  the  depres- 
sion, which  the  common  centre  of  gravity  of  all  the  moving  pieces 
undergoes  in  the  interval  of  time  under  consideration;  vx  the 
velocity  at  the  beginning,  and  v2  the  velocity  at  the  end,  of  the 
interval  in  question,  with  which  a  given  particle  of  the  machine  of 
the  weight  \V  is  moving; 

g,  the  acceleration  which  gravity  causes  in  a  second,  or  32*2  feet 
per  second,  or  9*81  metres  per  second. 


/ 


R  d  8,  the  work  performed  in  overcoming  any  resistance  during 
the  interval  in  question ; 

P  d  s,  the  energy  exerted  during  the  interval  in  question. 


/ 


The  second  and  third  terras  of  the  right-hand  side,  when  positive, 
are  energy  stored  ;  when  negative,  energy  restored. 

The  principle  represented  by  the  equation  is  expressed  in  words 
as  follows : — 

The  energy  exerted,  added  to  the  energy  restored,  is  equal  to  tlie 
energy  stored  added  to  tive  work  performed. 

338.   The  Principle  of  Virtual   Velocities,    when    applied    to    the 

uniform  motion  of  a  machine,  is  expressed  by  equation  3  of  Article 
324,  already  given  in  page  369;  or  in  words  as  follows: — The  effort 
is  equal  to  Hie  sum  of  the  resistances  reduced  to  the  driving  point; 
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that  is,  each  multiplied  by  the  ratio  of  the  velocity  of  its  working 

point  to  the  velocity  of  the  driving  point.     The  same  principle, 

-when  applied  to  reciprocating  forces  and  to  re-actions  dne  to 

varying  speed,  as  well  as  to  passive  resistances,  is  expressed  by 

means  of  a  modified  form  of  the  general  equation  of  Article  337, 

obtained  in  the  following  manner : — Let  n  denote  either  the  ratio 

borne  at  a  given  instant  by  the  velocity  of  a  given  working  point, 

where  the  resistance  R  is  overcome,  to  the  velocity  of  the  driving 

point,  or  the  mean  value  of  that  ratio  during  a  given  interval  of 

time ;  let  n"  denote  the  corresponding  ratio  for  the  vertical  ascent 

or  descent  (according  as  it  is  positive  or  negative)  of  a  moving 

piece  whose  weight  is  W ;  let  n'  denote  the  corresponding  ratio 

for  the  mean  velocity  of  a  mass  whose  weight  is  W,  undergoing 

ft** 

acceleration  or  retardation,  and  -=-   either  the  rate  of  acceleration 

at 

of  that  mass,  if  the  calculation  relates  to  an  instant,  or  the  mean 

value  of  that  rate,  if  to  a  finite  interval  of  time.     Then  the  effort 

at  the  instant,  or  the  mean  effort  during  the  given  interval,  as  the 

case  may  be,  is  given  by  the  following  equation : — 

gat 

If  the  ratio  n ,  which  the  velocity  of  the  mass  W  bears  to  that  of 

.,       ,  .  .  ...  .     .  .  dif     ridv      ,        dv 

the  driving  point,  is  constant,  we  may  put  -r—  =  — j—,  where   .-- 

at       at  at 

denotes  the  rate  of  acceleration  of  the  driving  point;  and  then  the 
third  term  of  the  foregoing  expression  becomes  — -y-  2  *  n*  W,  as  in 
formula  2  of  Article  316,  page  363. 

339.  Forces  In  the  Itlechaalcml  Powers*  neglectlag  Friction — Par- 
chase. — The  mechanical  powers,  considered  as  means  of  modifying 
motion  only,  have  been  considered  in  Articles  221  to  224,  pages 
231  to  234.  When  friction  is  neglected,  any  one  of  the  mechan- 
ical powers  may  be  regarded  as  an  uniformly-moving  simple 
machine,  in  which  one  effort  balances  one  resistance;  and  in  which, 
consequently,  according  to  the  principle  of  virtual  velocities,  or 
of  the  equality  of  energy  exerted  and  work  done,  tJie  effort  and 
resistance  are  to  each  other  inversely  as  tJie  velocities  along  their  lines 
of  action  of  His  points  wliere  they  are  applied. 

In  the  older  writings  on  mechanics,  the  effort  is  called  the 
power,  and  the  resistance  the  weight;  but  it  is  desirable  to  avoid 
the  use  of  the  word  "  power "  in  this  sense,  because  of  its  being 
very  commonly  used  in  a  different  sense — viz.,  the  rate  at  which 
energy  is  exerted  by  a  prime  mover;  and  the  substitution  of 
"resistance"  for  "  weight"  is  made  in  order  to  eugreafe  tab  Hai&* 
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that  the  principle  just  stated  applies  to  the  overcoming  of  all  sorta 
of  resistance,  and  not  to  the  lifting  of  weights  only. 

The  weight  of  the  moving  piece  itself  in  a  mechanical  power 
may  either  be  wholly  supported  at  the  bearing,  if  the  piece  is 
balanced;  or  if  not,  it  is  to  be  regarded  as  divided  into  two 
parallel  components,  one  supported  directly  at  the  bearing,  and 
the  other  being  included  in  the  effort  or  in  the  resistance,  as  the 
case  mav  be. 

The  relation  between  the  effort  and  the  resistance  in  any 
mechanical  power  may  be  deduced  from  the  principles  of  statics; 
viz. : — In  the  case  of  the  lever  (including  the  wheel  and  axle),  from 
the  balance  of  couples  of  equal  and  opposite  moments;  in  the 
case  of  the  inclined  plane  (including  the  wedge  and  the  screw), 
from  the  parallelogram  of  forces ;  and  in  the  case  of  the  pulley, 
from  the  composition  of  parallel  forces.  The  principle  of  virtual 
velocities,  however,  is  more  convenient  in  calculation. 

The  total  load  in  a  mechanical  power  is  the  resultant  of  the 
effort,  the  resistance,  the  lateral  components  of  the  forces  acting  at 
the  driving  and  working  points,  and  the  weight  directly  carried  at 
the  bearings ;  and  it  is  equal  and  directly  opposed  to  the  re-action 
of  the  bearings  or  supports  of  the  machine. 

By  the  purchase  of  a  mechanical  power  is  to  be  understood  the 
ratio  borne  by  the  resistance  to  the  effort,  which  is  equal  to  the 
ratio  borne  by  the  velocity  of  the  driving  point  to  that  of  the 
working  point.  This  term  has  already  been  explained  in  connec- 
tion with  the  pulley,  in  Article  201,  pages  215,  21G. 

The  following  are  the  results  of  the  principle  of  virtual  velocities, 
as  applied  to  determine  the  purchase  in  the  several  mechanical 
powers : — 

I.  Lever. — The  effort  and  resistance  are  to  each  other  in  the 
inverse  ratio  of  the  perpendicular  distances  of  their  lines  of  action 
from  the  axis  of  rotation  or  fulcrum;  so  that  the  purcltase  is  the 
ratio  which  the  perpendicular  distance  of  the  effort  from  the  axis 
bears  to  the  perpendicular  distance  of  the  resistance  from  the  axis. 

Under  the  head  of  the  lever  may  be  comprehended  all  turning 
or  rocking  primary  pieces  in  mechanism  which  are  connected  with 
their  drivers  and  followers  by  linkwork. 

II.  Wheel  and  Axle. — The  purchase  is  the  same  as  in  the  case 
of  the  lever;  and  the  perpendicular  distances  of  the  lines  of  action 
of  the  effort  and  of  the  resistance  from  the  axis  are  the  radii  of  the 
pitch-circles  of  the  wheel  and  of  the  axle  respectively. 

Under  the  head  of  the  wheel  and  axle  may  be  comprehended 
all  turning  or  rocking  primary  pieces  in  mechanism  which  are 
connected  with  their  drivers  and  followers  by  means  of  rolling 
contact,  of  teeth,  or  of  bands.    By  the  "  wheel "  is  to  be  understood 
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the  pitch-cylinder  of  that  part  of  the  piece  which  is  driven ;  and  by 
the  "axle,"  the  pitch-cylinder  of  that  part  of  the  piece  which  drives. 

III.  Inclined  Plane,  and  IV.  Wedge. — Here  the  purchase,  or 
ratio  of  the  resistance  to  the  effort,  is  the  ratio  borne  by  the  whole 
velocity  of  the  sliding  body  (represented  by  BC  in  tig.  165,  page 
233,  and  Cc  in  fig.  166,  page  234)  to  that  component  of  the 
velocity  (represented  by  B  D  in  fig.  165,  page  233,  and  C  e  in  fig. 
166,  page  234)  which  is  directly  opposed  to  the  resistance:  it 
being  understood  that  the  effort  is  exerted  in  the  direction  of 
motion  of  the  sliding  body. 

The  term  inclined  plane  may  be  used  when  the  resistance  to 
the  motion  of  a  body  that  slides  along  a  guiding  surface  consists 
of  its  own  weight,  or  of  a  force  applied  to  a  point  in  it  by  means 
of  a  link;  and  the  term  wedge,  when  that  resistance  consists  of  a 
pressure  applied  to  a  plane  surface  of  the  moving  body,  oblique 
^  its  direction  of  motion. 

V.  Screw. — Let  the  resistance  (R)  to  the  motion  of  a  screw 
be  a  force  acting  along  its  axis,  and  directly  opposed  to  its  advance; 
and  let  the  effort  (P)  which  drives  the  screw  be  applied  to  a  point 
rigidly  attached  to  the  screw,  and  at  the  distance  r  from  the  axis, 
and  be  exerted  in  the  direction  of  motion  of  that  point.  Then, 
while  the  screw  ra*.kes  one  revolution,  the  working  point  advances 
against  the  resistance  through  a  distance  equal  to  the  pitch  ( ;;) ; 
and  at  the  same  time  the  driving  point  moves  in  its  helical  path 
through  the  distance  J  (4  v2iA+p*);  therefore  the  purchase  of 
the  screw,  neglecting  friction,  is  expressed  as  follows : — 

R       J  4  **  r2  +  p* 

p         P 

__  length  of  one  coil  of  path  of  driving  point 
~~  pitch 

VI.  Pullet.  (See  Articles  200  and  201,  pages  214  to  216.) — 
Tn  the  pulley  without  friction,  the  purchase  is  the  ratio  borne  by 
the  resistance  which  opposes  the  advance  of  the  running  block  to 
the  effort  exerted  on  the  hauling  part  of  the  rope;  and  it  is  ex- 
pressed by  the  number  of  plies  of  rope  by  which  the  running  block 
is  connected  with  the  fixed  block. 

VII.  The  Hydraulic  Press,  when  friction  is  neglected,  may 
be  included  amongst  the  mechanical  powers,  agreeably  to  the 
definition  of  them  given  at  the  beginning  of  this  Article.  By  the 
resistance  is  to  be  understood  the  force  which  opposes  the  outward 
motion  of  the  press-plunger,  A,  fig.  159,  page  224;  and  by  the 
effort,  the  force  which  drives  inward  the  pump-plunger,  A'.  The 
intensity  of  the  pressure  exerted  between  each  oi  Wife  Vw»  ^os^gsc* 
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and  the  fluid  is  tlie  same;  therefore  the  amount  of  the  pressure 
exerted  between  each  plunger  and  the  fluid  is  proportional  to  the 
area  of  that  plunger;  so  that  the  purchase  of  the  hydraulic  press  is 
expressed  as  follows : — 

R  __  A  transverse  area  of  press-plunger  # 

P  ~~  A*  ~~  transverse  area  of  pump-plunger ' 

and  this  is  the  reciprocal  of  the  ratio  of  the  velocities  of  those 
plungers,  as  already  shown  in  Article  209,  page  223. 

The  purchase  of  a  train  of  mechanical  powers  is  the  product  of 
the  purchases  of  the  several  elementary  parts  of  that  train. 

The  object  of  producing  a  purchase  expressed  by  a  number  greater 
than  unity  is,  to  enable  a  resistance  to  be  overcome  by  means  of  an 
effort  smaller  than  itself,  but  acting  through  a  greater  distance; 
and  the  use  of  such  a  purchase  is  found  chiefly  in  machines  driven 
by  muscular  power,  because  of  the  effort  being  limited  in  amount 

Section  IV. — Of  Dynamometers. 

340.  Dynamometers  are  instruments  for  measuring  and  recording 
the  energy  exerted  and  work  performed  by  machines.  They  may 
be  classed  as  follows  : — 

I.  Instruments  which  merely  indicate  the  force  exerted  between 
a  driving  body  and  a  driven  body,  leaving  the  distance  through 
which  that  force  is  exerted  to  be  observed  independently.  The 
following  are  examples  of  this  class  : — 

a.  The  weight  of  a  solid  body  may  be  so  suspended  as  to  balance 
the  resistance,  as  in  Scott  Russell's  experiments  on  the  resistance 
of  boats.     (Edin.  Trans. ,  xiv.) 

b.  The  weight  of  a  column  of  liquid  may  be  employed  to  balance 
and  measure  the  effort  required  to  drag  a  carriage  or  other  body, 
as  in  Milne's  mercurial  dynamometer. 

c.  The  available  energy  of  a  prime  mover  may  be  wholly  ex- 
pended in  overcoming  friction,  which  is  measured  by  a  weight,  as 
in  Prony's  dynamometer  (described  further  on). 

d.  A  spring  balance  may  be  interposed  between  a  prime  mover 
and  a  body  whose  resistance  it  overcomes. 

IT.  Instruments  which  record  at  once  the  force,  motion,  and 
work  of  a  machine,  by  drawing  a  line,  straight  or  curved,  as  the 
case  may  be,  whose  abscissas  represent  the  distances  moved  through, 
its  ord mates  the  resistances  overcome,  and  its  area  the  work  per- 
formed (as  in  fig.  241,  page  346). 

A  dynamometer  of  this  class  consists  essentially  of  two  principal 
parts :  a  spring  whose  deflection  indicates  the  force  exerted  between 
a  driving  body  and  a  driven  body;  and  a  band  of  paper,  or  a  card,, 
moving  at  right  angles  to  the  direction  of  deflection  of  the  spring 
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■with  a  velocity  bearing  a  known  constant  proportion  to  the  velo- 
city with  which  the  resistance  is  overcome.  The  spring  carries  a 
pen  or  pencil,  which  marks  on  the  paper  or  card  the  required  line* 
The  following  are  examples  of  this  class  of  instruments : — 

a.  Morin's  Traction  Dynamometer. 

b.  Morin's  and  Hirn's  Rotatory  Dynamometers. 

c.  The  Steam  Engine  Indicator. 

III.  Instruments  called  Integrating  Dynamometers,  which  re- 
cord the  work  performed,  but  not  the  resistance  and  motion 
separately. 

341.  Prony»»  Friction  Dynamometer 

measures  the  useful  work  performed 
by  a  prime  mover,  by  causing  the 
whole  of  that  work  to  be  expended 
in  overcoming  the  friction  of  a 
brake.     In  fig.  249,  A  represents  a  Fig.  249. 

cylindrical  drum,  driven  by  the 
prime  mover.  The  block  D,  attached  to  the  lever  B  C,  and  the 
smaller  blocks  with  which  the  chain  E  is  shod,  form  a  brake  which 
embraces  the  drum,  and  which  is  tightened  by  means  of  the  screws 
F,  F,  until  its  friction  is  sufficient  to  cause  the  drum  to  rotate  at 
an  uniform  speed.  The  end  C  of  the  lever  carries  a  scale  G,  in 
which  weights  are  placed  to  an  amount  just  sufficient  to  balance 
the  friction,  and  keep  the  lever  horizontal.  The  lever  ought  to  be 
so  loaded  at  B  that  when  there  are  no  weights  in  the  scale,  it  shall 
be  balanced  upon  the  axis.  The  lever  is  prevented  from  deviating 
to  any  inconvenient  extent  from  a  horizontal  position  by  means  of 
safety-stops  or  guards,  H,  K. 

The  weight  of  the  load  in  the  scale  which  balances  the  friction 
being  multiplied  into  the  horizontal  distance  of  the  point  of  suspen- 
sion C  from  the  axis,  gives  the  moment  of  friction,  which  being 
multiplied  into  the  angular  velocity  of  the  drum,  gives  the  rate  of 
useful  work  or  effective  'power  of  the  prime  mover. 

As  the  whole  of  that  power  is  expended  in  overcoming  the  fric- 
tion between  the  drum  and  the  brake,  the  heat  produced  is  in 
general  considerable;  and  a  stream  of  water  must  be  directed  on 
the  rubbing  surfaces  to  abstract  that  heat. 

The  friction  dynamometer  is  simple  and  easily  made;  but  it  is 
ill  adapted  to  measure  a  variable  effort;  and  it  requires  that  when 
the  power  of  a  prime  mover  is  measured,  its  ordinary  work  should 
be  interrupted,  which  is  inconvenient  and  sometimes  impracticable. 

342.  IHorln'a  Traction  Dynamometer. — The    descriptions    of  this- 

and  some  other  dynamometers  invented  by  General  Morin  are- 
abridged  from  his  works,  entitled  Sur  quelques  Appareils  dynamo- 
metriques  and  Notions  fondamentales  de  Mecanique. 

Fig.  250  is  a  plan  and  fig.  250  a  an  elevation  of  a  dynaauHBAtet 
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for  recording  by  a  diagram  the  work  of  dragging  a  load  horizontally. 
a  a,  b  b  are  a  pair  of  steel  springs,  through  which  the  tractive 
force  is  transmitted,  and  which  serve  by  their  deflection  to  measure 


Fig.  25°*- 


that  force.  Thev  are  connected  together  at  the  ends  by  the  steel 
links//  The  effort  of  the  prime  mover  is  applied,  through  the 
link  r,  to  the  gland  d,  which  is  fixed  on  the  middle  of  the  fore- 
most spring;  the  equal  and  opposite  resistance  of  the  vehicle  is 
applied  to  the  gland  e,  which  is  fixed  on  the  middle  of  the  after- 
most spring.  When  no  tractive  force  is  exerted,  the  inward  faces 
of  the  springs  are  straight  and  parallel ;  when  a  fore*  is  exerted, 
the  springs  are  bent,  and  are  drawn  apart,  through  a  distance  pro- 
portional to  the  force.  The  springs  are  protected  against  being 
bent  so  far  as  to  injure  them  by  means  of  the  safety  bridles  i,  i, 
with  their  bolts  e,  e.  Those  bridles  are  carried  by  the  after-gland, 
and  their  bolts  serve  to  stop  the  foremost  spring  when  it  is  drawn 
forward  as  far  as  is  consistent  with  the  preservation  of  elasticity 
and  strength. 

The  frame  of  the  apparatus  for  giving  motion  to  the  paper  hand 
is  carried  by  the  after-gland.  The  principal  parts  of  that  apparatus 
are  the  following: — 

I,  store  drum  on  which  the  paper  band  is  rolled,  before  the  com- 
mencement of  the  experiment,  and  off  which  it  is  drawn  as  the 
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y,  taking-up  drum,  to  which  one  end  of  the  paper  band  is  glued, 
and  which  draws  along  and  rolls  up  the  paper  band  with  a  velocity 
proportional  to  that  of  the  vehicle.  Fixed  on  the  axis  of  this  drum 
is  a  fusee  having  a  spiral  groove  round  it,  whose  radius  gradually 
increases  at  the  same  rate  as  that  at  which  the  effective  radius  of 
the  drum  g  is  increased  during  its  motion  by  the  rolling  of  succes- 
sive coils  of  paper  upon  it.  The  object  of  this  is  to  prevent  that 
increase  of  the  effective  radius  of  the  drum  from  accelerating  the 
speed  of  the  paper  band ; 

n  is  a  drum  which  receives  through  a  train  of  wheelwork  and 
endless  screws  a  velocity  proportional  to  that  of  the  wheels  of  the 
vehicle,  and  which,  by  means  of  a  cord,  drives  the  fiiRee.  The 
mechanism  is  usually  so  designed  that  the  paper  moves  at  one- 
fiftieth  of  the  speed  of  the  vehicle. 

Between  the  drums  I  and  g  there  are  three  small  rollers  to  sup- 
port the  paper  band  and  keop  it  steady. 

One  of  the  safety  bridles  carries  a  pencil,  k,  which,  being  at  rest 
relatively  to  the  frame  of  the  recording  apparatus,  traces  a 
straight  line  on  the  band  of  paper  as  the  latter  travels  below 
the  pencil.  That  line  is  called  the  zero  line,  and  corresponds  to 
O  X  in  fig.  241,  page  346. 

An  arm  fixed  to  the  forward  gland  carries  another  pencil,  whose 
position  is  adjusted  before  the  experiment,  so  that  when  there  is 
no  tractive  force  its  point  rests  on  the  zero  line.  During  the  ex- 
periment, this  pencil  traces  on  the  paper  band  a  line  such  as 
ERG,  fig.  241,  whose  ordinate  or  distance  from  any  given  point 
in  the  zero  line  is  the  deflection  of  the  pair  of  springs,  and  pro- 
portional to  the  tractive  force,  at  the  corresponding  point  in  the 
journey  of  the  vehicle. 

The  areas  of  the  diagrams  drawn  by  this  apparatus,  representing 
quantities  of  work,  may  be  found  either  by  the  method  described 
in  Article  289,  page  331,  or  by  an  instrument  for  measuring  the 
areas  of  plane  figures,  called  the  Planimeter,  or  Platometer,  of  which 
various  forms  have  been  invented  by  Ernst,  Sang,  Clerk  Maxwell, 
Amstler,  and  others. 

A  third  pencil,  actuated  by  a  clock,  is  sometimes  caused  to  mark 
a  series  of  dots  on  the  paper  band  at  equal  intervals  of  time,  and 
tso  to  record  the  changes  of  velocity. 

When  one  vehicle  (such  as  a  locomotive  engine)  drags  one  or 
more  others,  the  apparatus  may,  if  convenient,  be  turned  hind  side 
before,  and  carried  by  the  foremost  vehicle.  In  such  a  case  the 
motion  of  the  band  of  paper  ought  to  be  derived,  not  from  a  driving- 
wheel,  which  is  liable  to  slip,  but  from  a  bearing-wheel. 

When  the  apparatus  is  used  to  record  the  tractive  force  and 
work  performed  in  towing  a  vessel,  the  apparatus  for  moving  the 
paper  band  may  be  driven  by  means  of  a  wheel  or  £axv,  «sta&  xsc^ra^ 
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by  the  water;  in  which  case  the  ratio  of  the  velocity  of  the  band 
to  that  of  the  vessel  should  be  determined  by  experiment. 

Owing  to  the  varieties  which  exist  in  the  elasticity  of  steel,  the 
relation  between  the  deflections  of  the  springs  and  the  tractive 
forces  can  only  be  roughly  calculated  beforehand,  and  should  be 
determined  exactly  by  direct  experiment — that  is,  by  hanging 
known  weights  to  the  springs,  and  noting  the  deflections. 

The  best  form  of  longitudinal  section  for  each  spring  is  that 
which  gives  the  greatest  flexibility  for  a  given  strength,  and  con- 
sists of  two  parabolas,  having  their  vertices  at  the  two  ends  of  the 
spring,  and  meeting  base  to  base  in  the  middle ;  that  is  to  say,  the 
thickness  of  the  spring  at  any  given  point  of  its  length  should  be 
proportional  to  the  square  root  of  the  distance  of  that  point  from 
the  nearest  end  of  the  spring.     To  express  this  by  a  formula,  let 

c  be  the  half-length  of  the  spring; 

h,  the  thickness  in  the  middle; 

x,  the  distance  of  any  point  in  the  spring  from  the  end  nearest 
to  it; 

h',  the  thickness  at  that  point;  then 
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The  breadth  of  each  spring  should  be  uniform,  and,  according  to 
General  Morin,  should  not  exceed  from  1£  to  2  inches.  Let  it  be 
denoted  by  b. 

The  following  is  the  formula  for  calculating  beforehand  the 
probable  joint  deflection  of  a  given  pair  of  springs  under  a  given 
tractive  force : — 

Let  the  dimensions  c,  h,  b  be  stated  in  inches,  and  the  force  P 
in  pounds. 

Let  ?/  denote  the  deflection  in  inches. 

Let  E  denote  the  modulus  of  elasticity  of  steel,  in  pounds  on  the 
square  inch.  Its  value,  for  different  specimens  of  steel,  varies  from 
29,000,000  to  42,000,000,  the  smaller  values  being  the  most  com- 
mon.    Then 

The  deflection  should  not  be  permitted  to  exceed  about  one- 
tenth  part  of  the  length  of  the  springs. 

343.  mrorin*a  B»uu©ry  Dynamometer  is  represented  in  figs.  251, 
251  a,  and  is  designed  to  record  the  work  performed  by  a  prime 
mover  in  transmitting  rotatory  motion  to  any  machine.  A  is  a  fast 
pulley,  and  C  a  loose  pulley,  on  the  same  shaft.  A  belt  transmits 
motion  from  the  prime  mover  to  one  or  other  of  those  pulleys 
according  as  it  is  desired  to  transmit  motion  to  the  shaft  or  not 


A  third  pulley,  B,  on  the  same  shaft,  carries  the  fait  which 
transmits  motion  to  the  machine  to  be  driven.  This  pulley  is  also 
loose  on  the  shaft  to  a  certain  extent,  bo  that  it  is  capable  of  mor- 
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ing,  relatively  to  the  shaft,  backwards  and  forwards  through  a  small 
arc,  sufficient  to  admit  of  the  deflection  of  a  steel  spring  by  which 
motion  is  transmitted  from  the  shaft  to  the  pulley. 

One  end  of  that  spring  is  fixed  to  the  shaft,  so  that  the  spring 
projects  from  the  shaft  like  an  arm,  and  rotates  along  with  it. 
The  other  end  of  the  spring  is  connected  with  the  pulley  B  near  its 
circumference,  and  is  the  means  of  driving  that  pulley;  so  that  the 
spring  undergoes  deflection  proportional  to  the  effort  exerted  by 
the  shaft  on  the  pulley. 

A  frame  projecting  radially  like  an  arm  from  the  shaft,  and 
rotating  along  with  it,  carries  an  apparatus,  similar  to  that  used  in 
the  traction  dynamometer,  for  making  a  band  of  paper  move  radi- 
ally with  respect  to  the  shaft  with  a  velocity  proportional  to  the 
speed  with  which  the  shaft  rotates.  A  pencil  carried  by  this  frame 
traces  a  zero  line  on  the  paper  band;  and  another  pencil  carried 
by  the  end  of  the  spring,  traces  a  line  whose  ordinates  represent 
the  forces  exerted,  just  as  in  the  traction  dynamometer. 

The  mechanism  for  moving  the  paper  band  is  driven  by  a  toothed 
ring  surrounding  the  shaft,  and  kept  at  rest  while  the  shaft  rotates 
by  means  of  a  catch.  When  that  catch  is  drawn  back,  the  toothed 
ring  is  set  free,  rotates  along  with  the  shaft,  and  ceases  to  drive 
the  mechanism;  and  thus  the  motion  of  the  paper  band  can  be 
stopped  if  necessary.     (See  page  446.) 

344.  In  the  Tanion  vr"««aer  (otherwise  called  "  Pan  dy- 
namometer") of  M.  G.  A.  Hirn,  the  torsion  of  the  rotating  shaft 
which  transmits  power  is  made  the  means  of  measuring  and.  reawi- 
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i°g>  by  a  self-acting  apparatus,  the  moment  of  the  couple  by  which 
the  shaft  is  driven,  and  the  work  done  by  that  couple.  Two  trains  of 
wheels,  driven  from  the  shaft  at  two  different  points,  communicate 
rotations  of  equal  speed  in  opposite  directions  about  one  axis  to 
two  bevel-wheels  which  gear  with  an  intermediate  bevel-wheel  at 
opposite  sides  of  its  rim,  forming  a  combination  like  that  shown  in 
fig.  176,  page  245.  The  axis  of  the  third  wheel,  corresponding  to 
the  train-arm  A  in  fig.  176,  indicates  by  its  position  one-half  of  the 
angle  through  which  the  shaft  is  twisted  between  the  spur-wheels, 
and  communicates  its  motion  to  the  pencil  of  the  recording  appara- 
tus; which  pencil,  as  in  other  recording  dynamometers,  draws  a 
line  on  a  strip  of  paper  that  is  moved  at  a  speed  proportional  to 
the  speed  of  the  shaft  that  transmits  the  power.  (See  Annalct  da 
Mines,  1867,  vol.  xi.) 

The  only  perfectly  accurate  way  of  determining  the  relation 
between  the  displacement  of  the  pencil  and  the  moment  transmitted 
by  the  shaft,  is  to  ascertain  by  direct  experiment  the  twisting  effect 
of  a  known  couple  when  applied  to  the  shaft.  But  a  probable 
approximate  value  of  that  relation  may  be  calculated  as  follows: — 
Let  M  be  the  twisting  moment ;  x,  the  length  of  that  part  of  the 
shaft  whose  angular  torsion  is  to  be  determined ;  hf  its  diameter; 
C,  the  co-efficient  of  transverse  elasticity  of  the  material ;  j,  the 
angle  of  torsion,  in  circular  measure;  then,* 

Let  n  be  the  ratio  which  each  of  the  contrary  angular  velocities 
of  the  bevel- wheels  corresponding  to  B  and  C  in  fig.  176  bears  to 
the  angular  velocity  of  the  shaft,  and  y  the  length  of  an  index  cor- 
responding to  the  train-arm,  A,  in  that  figure;  then  the  angular 

displacement  of  that  index  is  -^-;  and  the  linear  displacement  of 

its  end  (which  may  be  denoted  by  z)  is 

therefore  the  following  formula  expresses  the  relation  between  the 
moment  M,  and  the  displacement  z; 

M=2M       ,     C^^CAi 

z      nyd      16     nxy  nxy  v    ' 

Should  the  shaft  be  hollow,  let  K  be  its  internal  diameter;  then 
in  each  of  the  preceding  form u lee  for  hS  substitute  /**  -  U\ 
The  following  ai  e  values  of  the  co-efficient  C  : — 

•  Manual  of  Applied  Mechanic*,  Article  322,  page  357. 
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Dimensions  in Inches,. ...  Millimetres. 

Forces  in Lbs., Kilogrammes. 

Cast  Iron,  about 2,850,000  2,000 

Wrought  Iron,  from 8,500,000  6,000 

„                 to 10,000,000  7,000 

Steel,                  from 10,000,000  7,000 

„                          to 12,000,000  8,400 

Calculation  may  be  used  preliminary  to  the  designing  of  the 
apparatus,  in  order  to  find  approximately  the  extent  of  the  dis- 
placement of  the  recording  pencil;  but  the  exact  relation  of  that 
displacement  to  the  twisting  moment  exerted  through  the  shaft 
ought  always  to  be  determined  by  experiment. 

345.  Elasticity  of  Spiral  Spring*. — As  spiral  or  helical  springs 
are  much  used  in  dynamometric  apparatus,  it  is  convenient  here  to 
state  the  laws  of  their  resistance  to  extension  and  compression. 

In  order  that  such  a  spring  may  be  an  accurate  instrument  for 
measuring  forces — that  is,  in  order  that  the  proportion  borne  by 
the  load  acting  on  the  spring  to  the  extension  or  compression 
which  it  produces  may  be  constant — the  figure  of  the  spring  should 
be  a  true  helix,  as  described  in  Article  58,  page  36. 

It  is  more  favourable  to  accuracy  to  measure  a  force  by  the  ex- 
tension than  by  the  compression  of  a  spiral  spring;  because  during 
extension  it  preserves  almost  exactly  a  truly  helical  form,  and  the 
coils  remain  in  a  cylindrical  surface;  whereas  during  compression 
the  middle  coils  are  apt  to  swerve  sideways,  so  as  to  make  the 
spring  lose  the  proper  figure.  There  are  cases,  however,  in  which 
the  use  of  the  compression  of  the  spring  is  unavoidable ;  and  then 
it  is  kept  approximately  in  its  proper  figure  by  being  enclosed 
in  a  cylindrical  casing,  which  ought  to  be  so  large  as  not  to 
impede  the  longitudinal  motion  of  the  spring. 

The  pair  of  equal  and  opposite  forces  by  which  a  spiral  spring  is 
stretched  should  act  exactly  along  the  axis  of  the  helix;  for  which 
purpose  the  ends  of  the  spring  should  be  made  fast  to  a  pair  of 
strong  and  stiff  arms,  each  of  which  should  be  perpendicular  to  the 
helix,  and  should  lie  along  a  radius  of  the  cylinder  on  which  the 
helix  is  described,  so  that  the  inner  ends  of  the  arms  may  be  in 
the  axis  of  the  helix;  and  at  those  inner  ends  the  forces  to  be 
measured  should  be  applied.  The  best  form  of  section  for  the 
wire  of  which  the  spring  is  made  is  circular;  because  the  extension 
of  the  spring  depends  on  the  torsion  of  the  wire ;  and  the  laws  of 
torsion  are  known  with  greater  precision  for  a  circular  form  of 
section  than  for  any  other. 

The  following  formulae  show  the  relations  between  the  load  and 
the  extension  or  compression  of  the  spring : — 

Let  r  be  the  radius  of  the  cylinder  containing  the  helical  centre 
line  of  the  spiral  spring,  as  measured  from  t\ie>  *%&  to  ^ci&  ^&\&re  <& 
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the  wire;  n,  the  number  of  coils  of  which  the  spring  consists;  d, 
the  diameter  of  the  wire;  C,  the  co-efficient  of  rigidity  or  transvew 
elasticity  of  the  material;  /,  the  greatest  safe  shearing  stress  upon 
it;  W,  any  load  not  exceeding  the  greatest  safe  load;  v,  the 
corresponding  extension  or  compression;  Wv  the  greatest  safe 
steady  load;  vv  the  greatest  safe  extension  or  compression;  then 

W       Cd*      w       Q-196/cfl  12-566  nfr* 

v  ~~64nr»;  Wl~        r        ;  **  ""         C  d 

W 

The  greatest  safe  sudden  load  is  -~ . 

If  the  wire  of  which  the  spring  is  made  is  square,  and  of  the 
dimensions  d  x  d>  the  load  for  a  given  deflection  is  greater  than 
for  a  round  wire  of  the  diameter  df  in  the  ratio  of  281  to  196,  or 
of  143  to  1,  or  of  10  to  7,  nearly. 

The  values  of  the  co-efficient,  C,  of  transverse  elasticity  of  steel 
and  charcoal  iron  wire,  in  lbs.  on  the  square  inch,  range  between 
10,500,000  and  12,000,000;  and  in  kilogrammes  on  the  square 
millimetre,  from,  7,400  to  8,400,  nearly. 

By  the  greatest  safe  stress  is  to  be  understood  the  greatest  stress 
which  is  certain  not  to  impair  the  elasticity  of  the  spring  by  fre- 
quent repetition;  say  30,000  lbs.  on  the  square  inch. 

W 
The  value  of  the  ratio  —  borne  by  the  load  to  the  extension 

ought  to  be  ascertained  by  direct  experiment  for  every  spring  that 
is  used  in  dynamometers  or  indicators. 

346.  steam  Engine  indicator.— This  instrument  was  invented 
by  Watt,  and  has  been  improved  by  other  inventors,  especially 
M 'Naught  and  Richards.  Its  object  is  to  record,  by  means  of  a 
diagram,  the  intensity  of  the  pressure  exerted  by  steam  against  one 
of  the  faces  of  a  piston  at  each  point  of  the  piston's  motion,  and  so 
to  afford  the  means  of  computing,  according  to  the  principles  of 
Articles  302  and  307,  first,  the  energy  exerted  by  the  steam  in 
driving  the  piston  during  the  forward  stroke ;  secondly,  the  work 
lost  by  the  piston  in  expelling  the  steam  from  the  cylinder  during 
the  return  stroke;  and  thirdly,  the  difference  of  those  quantities, 
which  is  the  available  or  effective  energy  exerted  by  the  steam  on 
the  piston,  and  which,  being  multiplied  by  the  number  of  strokes 
per  minute  and  divided  by  33,000  foot-pounds,  gives  the  indicated 

HORSE-POWER. 

The  indicator  in  a  common  form  is  represented  by  fig.  252.  A  B 
is  a  cylindrical  case.  Its  lower  end,  A,  contains  a  small  cylinder, 
fitted  with  a  piston,  which  cylinder,  by  means  of  the  screwed 
nozzle  at  its  lower  end,  can  be  fixed  in  any  convenient  position 
on  a  tube  communicating  with  that  end  of  the  engine-cylinder 


Pig.  252. 
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where  the  work  of  the  steam  is  determined.     The  communication 

between    the    engine-cylinder    and   the   indicator-cylinder  can  be 
opened  and  shut  at  will  by  means  of  the  cock  K. 
When  it  is  open,  the  intensity  of  the  pressure  of       HL 
the  steam  on  the  engine-piston  and  on  the  indi- 
cate r-piston  is  the  same,  or  nearly  the  same. 

The  upper  end,  B,  of  the  cylindrical  case  con- 
tains a  spiral  spring,  one  end  of  which  is  at- 
tached to  the  piston,  or  to  its  rod,  and  the  other 
to  the  top  of  the  casing.  The  indicator-piston  EEi 
i3  pressed  from  below  by  the  steam,  and  from 
above  by  the  atmosphere.  When  the  pressure  . 
of  the  steam  is  equal  to  that  of  the  atmosphere, 
the  spring  retains  its  unstrained  length,  and  the 
piston  its  original  position.  When  the  pressure 
of  the  steam  exceeds  that  of  the  atmosphere, 
the  piston  is  driven  outwards,  and  the  spring 
compressed;  when  the  pressure  of  the  steam  is 
less  than  that  of  the  atmosphere,  the  piston  ia 
driven  inwards,  and  the  spring  extended.  The 
compression  or  extension  of  the  spring  indicates 
the  difference,  upward  or  downward,  between  the  pressure  of  the 
steam  and  that  of  the  atmosphere. 

A  short  arm,  C,  projecting  from  the  indicator  piston-rod  carries  at 
one  side  a  pointer,  D,  which  shows  the  pressure  on  a  scale  whose 
zero  denotes  the  pressure  of  the  atmosphere,  and  which  is  graduated 
into  pounds  on  the  square  inch  both  upwards  and  downwards 
from  that  zero.  At  the  other  side  the  short  arm  has  a  longer  arm 
jointed  to  it,  carrying  a  pencil,  K 

F  is  a  brass  drum,  which  rotates  backward  and  forward  about  a 
vertical  axis,  and  which,  when  about  to  bo  used,  is  covered  with  a 
piece  of  paper  called  a  "  card."  It  is  alternately  pulled  round  in 
one  direction  by  the  cord  II,  which  wraps  on  the  pulley  G,  and 
pulled  back  to  its  original  position  by  a  spring  contained  within 
itself.  The  cord  H  is  to  be  connected  with  the  mechanism  of  the 
steam  engine  in  any  convenient  manner  which  shall  ensure  that 
the  velocity  of  rotation  of  the  drum  shall  at  every  instant  bear  a 
constant  ratio  to  that  of  the  steam  engine  piston:  the  back  and 
forward  motion  of  the  surface  of  the  drum  representing  that  of  the 
steam  engine  piston  on  a  reduced  scale.  This  having  been  done, 
and  before  opening  the  cock  K,  the  pencil  is  to  be  placed  in  con- 
tact with  the  drum  during  a  few  strokes,  when  it  will  mark  on  the 
card  a  line  which,  when  the  card  is  afterwards  spread  out  flat, 
becomes  a  straight  line.  This  line,  whose  position  indicates  the 
pressure  of  the  at  mo  sphere,  is  called  the  atmospheric  line.  In  fig. 
253  it  is  represented  by  A  A. 
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Then  the  cock  K  is  opened,  and  the  pencil,  moving  up  and  down 

with  the  variations  of  the  pressure 
of  the  steam,  traces  on  the  card 
during  each  complete  or  double 
stroke  a  curve  such  asBGDER 
The  ordinates  drawn  to  that  curve 
from  any  point  in  the  atmospheric 

line,  such  as  H  K  and  H  G,  indi- 
cate   the    differences    between    the 
•£ — v  pressure  of  the  steam  and  the  at- 
Fig.  253.  mospheric    pressure    at    the    corre- 

sponding point  of  the  motion  of  the 
piston.  The  ordinates  of  the  part  BCDE  represent  the  pres- 
sures of  the  steam  during  the  forward  stroke,  when  it  is  driving 
the  piston ;  those  of  the  part  E  B  represent  the  pressures  of  the 
steam  when  the  piston  is  expelling  it  from  the  cylinder. 

To  found  exact  investigations  on  the  indicator-diagrams  of  steam 
engines,  the  atmospheric  pressure  at  the  time  of  the  experiment 
ought  to  be  ascertained  by  means  of  a  barometer;  but  this  is  gen- 
erally omitted;  in  which  case  the  atmospheric  pressure  may  be 
assumed  at  its  mean  value,  being  14*7  lbs.  on  the  square  inch,  or 
2116-3  lbs.  on  the  square  foot,  at  and  near  the  level  of  the  sea. 

Let  A  O  =  H  F  be  ordinates  representing  the  pressure  of  the 
atmosphere.  Then  O  F  V  parallel  to  A  A  is  the  absolute  or  true 
zero  line  of  the  diagram,  corresponding  to  no  pressure;  and  ordi- 
nates drawn  to  the  curve  from  that  line  represent  the  absolute 
intensities  of  the  pressure  of  the  steam.  Let  O  B  and  L  £  be  ordi- 
nates touching  the  ends  of  the  diagram ;  then 

O  L  represents  the  volume  traversed  by  the  piston  at  each  single 
stroke  ( =  s  A,  where  8  is  the  length  of  the  stroke  and  A  the  area 
of  the  piston) ; 

The  area  OBCDELO  represents  the  energy  exerted  by  the 
steam  on  the  piston  during  the  forward  stroke ; 

The  area  OBELO  represents  the  work  lost  in  expelling  the 
steam  during  the  return  stroke; 

The  area  B  0  D  E  B,  being  the  difference  of  the  above  areas, 
represents  the  effective  work  of  the  steam  on  the  piston,  during  the 
complete  stroke. 

Those  areas  can  be  found  by  the  Rules  of  Article  289,  page 
331;  and  the  common  trapezoidal  rule,  D,  page  333,  is  in  general 
sufficiently  accurate.  The  number  of  intervals  is  usually  ten,  and 
of  ordinates  eleven. 

The  mean  forward  pressure,  the  mean  back  pressure,  and  the  mean 
effective  pressure,  are  found  by  dividing  those  three  areas  respec, 

tively  by  the  volume  «  A,  which  is  represented  by  O  L. 
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Those  mean  pressures,  however,  can  be  found  by  a  direct  process, 
without  first  measuring  the  areas,  viz.: — having  multiplied  each 
ordinate,  or  breadth,  of  the  area  under  consideration  by  the  proper 
multiplier,  divide  the  sum  of  the  products  by  the  sum  of  the 
multipliers,  which  process,  when  the  common  trapezoidal  rule  i» 
used,  takes  the  following  form:  add  together  the  halves  of  the 
endmost  ordinates,  and  the  whole  of  the  other  ordi nates,  and 
divide  by  the  number  of  intervals.  That  is,  let  b0  be  the  first,  b„ 
the  last,  and  bl$  62,  <fcc.,  the  intermediate  breadths;  then  let  n  bo 
the  number  of  intervals,  and  bm  the  mean  breadth;  then 

b-  =  I  (6jaT^  +  6i  +  6*  +  **)'> (L> 

and  this  represents  the  mean  forward  pressure,  mean  back  pressure, 
or  mean  effective  pressure,  as  the  case  may  be.  Let  p0  be  the 
mean  effective  pressure;  then  the  effective  energy  exerted  by  the 
steam  on  the  piston  during  each  double  stroke  is  the  product  of 
the  mean  effective  pressure,  the  area  of  the  piston,  and  the  length 
of  stroke,  or 

P.A*; (2.) 

and  if  N  be  the  number  of  double  strokes  in  a  minute,  the  indicated 
power  in  foot-pounds  per  minute,  in  a  single-acting  engine,  is 

?.AN,; (3.) 

from  which  the  indicated  horse-power  is  found  by  dividing  by  33,000. 
In  a  double-acting  engine  the  steam  acts  alternately  on  either 
side  of  the  piston;  and  to  measure  the  power  accurately,  two  indi- 
cators should  be  used  at  the  same  time,  communicating  respectively 
with  the  two  ends  of  the  cylinder.  Thus  a  pair  of  diagrams  will 
be  obtained,  one  representing  the  action  of  the  steam  on  each  face 
of  the  piston.  The  mean  effective  pressure  is  to  be  found  as  above 
for  each  diagram  separateh%  and  then,  if  the  areas  of  the  two  faces 
of  the  piston  are  sensibly  equal,  the  mean  of  those  tvx)  results  is  to 
be  taken  as  the  general  mean  effective  pressure;  which  being  multi- 
plied by  the  area  of  the  piston,  the  length  of  stroke,  and  twice  tho 
number  of  double  strokes  or  revolutions  in  a  minute,  gives  the 
indicated  power  per  minute;  that  is  to  say,  if  p"  denotes  the  gen- 
eral mean  effective  pressure,  the  indicated  power  per  minute  is 

p"A-2N*; (4.) 

If  the  two  faces  of  the  piston  are  sensibly  of  unequal  areas 
(as  in  "trunk  engines "),  the  indicated  power  is  to  be  computed 
separately  for  each  face,  and  the  results  added  together. 

If  there  are  two  or  more  cylinders,  the  quantities  of  power 
indicated  by  their  respective  diagrams  are  to  be  added  to«£tA&fct. 
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The  re-actions  of  the  moving  parts  of  the  indicator,  combined  with 
the  elasticity  of  the  spring,  cause  oscillations  of  its  piston.  In 
order  that  the  errors  thus  produced  in  the  indicated  pressures  at 
particular  instants  may  be  as  small  as  possible,  and  may  neutralise 
each  other's  effects  on  the  whole  indicated  power,  the  moving 
masses  ought  to  be  as  small  as  practicable,  and  the  spring  as  stiff 
as  is  consistent  with  showing  the  pressures  on  a  visible  scale.  In 
Bichards's  indicator  this  is  effected  by  the  help  of  a  train  of  very 
light  linkwork,  which  causes  the  pencil  to  show  the  movements  of 
the  spring  on  a  magnified  scale. 

The  friction  of  the  moving  parts  of  the  indicator  tends  on 
the  whole  to  make  the  indicated  power  and  indicated  mean 
effective  pressure  less  than  the  truth,  but  to  what  extent  is  un- 
certain. 

Every  indicator  should  have  the  accuracy  of  the  graduation  of  its 
scale  of  pressures  frequently  tested  by  comparison  with  a  standard 
pressure  gauge. 

The  indicator  may  obviously  be  used  for  measuring  the  energy 
exerted  by  any  fluid,  whether  liquid  or  gaseous,  in  driving  a 
piston ;  or  the  work  performed  by  a  pump,  in  lifting,  propelling, 
or  compressing  any  fluid. 

347.  integrating  Dynamometers  record  simply  the  work  per- 
formed in  dragging  a  vehicle  or  driving  a  machine,  without 
recording  separately  the  force  and  the  motion.  In  that  of  Morin 
this  is  effected  by  means  of  a  combination  which  has  already  been 
described  in  Article  270,  page  311,  and  illustrated  iu  fig.  221.  In 
that  figure  (which  see)  A  represents  a  plane  circular  disc,  made  to 
rotate  with  an  angular  velocity  proportional  to  the  speed  of  the 
motion  of  the  vehicle  or  machine,  and  B  a  small  wheel  driven  by 
the  friction  of  the  disc  against  its  edge,  and  having  its  axis  parallel 
tr  a  radius  of  the  disc.  The  wheel  B,  and  some  mechanism  which 
it  drives,  are  earned  by  a  frame  which  is  carried  by  a  dynamometer 
spring,  and  so  adjusted  that  the  distance  of  the  edge  of  B  from  the 
centre  of  A  is  equal  to  the  deflection  of  the  spring,  and  propor- 
tional to  the  effort. 

The  velocity  of  the  edge  of  B  at  any  instant  being  the  product 
of  its  distance  from  the  centre  of  A  into  the  angular  velocity  of  A, 
is  proportional  to  the  product  of  the  effort  into  the  velocity  of  the 
vehicle  or  machine — that  is,  to  the  rate  at  which  work  if*  performed; 
therefore  the  motion  of  the  wheel  B,  in  any  interval  of  time,  is 
proportional  to  the  work  performed  in  t/iat  time;  and  that  work  can 
be  recorded  by  means  of  dial-plates,  with  indexes  moved  by  a  train 
of  wheel  work  driven  by  the  wheel  B. 

In  Moison's  integrating  dynamometer  a  ratchet-wheel  is  driven 
by  the  strokes  of  a  click.  (See  Articles  194  to  196,  pages  206  to 
211.)    The  number  of  these  strokes  in  a  given  time  is  proportional 
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to  the  speed  of  the  machine  whose  work  is  to  be  measured ;  and  by 
means  of  a  dynamometer-spring  the  length  of  each  stroke  of  the 
click  is  adjusted  so  as  to  be  proportional  to  the  effort  exerted  at 
the  time.  The  result  is  that  the  total  extent  of  motion  of  the 
ratchet- wheel  in  a  given  time  is  proportional  to  the  work  performed. 
It  is  obvious  that  the  frictional  catch  might  be  applied  to  this 
apparatus  (Article  197,  page  211). 

348.  meainrement  mt  Friction. — Under  the  head  of  Dynamo- 
meters may  be  classed  apparatus  for  the  experimental  measurement 
of  friction. 

If  by  means  of  any  kind  of  dynamometer  whose  use  does  not 
involve  the  interruption  of  the  performance  of  the  ordinary  work 
of  a  train  of  mechanism,  wc  measure  the  power  transmitted  at  two 
parts  of  that  train,  the  difference  will  be  the  power  expended  in 
overcoming  the  friction  of  the  intermediate  parts.  Hirn's  Pan- 
dynamometer  (Article  344,  page  387)  seems  well  adapted  for  ex- 
periments of  this  class.  The  power  of  a  steam  engine,  as  exerted 
in  the  cylinder,  may  be  measured  by  means  of  the  indicator,  and 
the  power  transmitted  to  machinery  which  that  engine  drives,  by 
a  suitable  dynamometer;  and  the  difference  will  be  power  ex- 
pended chiefly  in  overcoming  the  friction  of  the  inteimeliate 
mechanism. 

Special  apparatus  for  measuring  the  friction  of  axles  is  used,  not 
only  for  purposes  of  scientific  investigation  as  to  the  co-efficients 
of  friction  of  different  pairs  of  surfaces  in  different  states,  but  for 
practically  testing  the  lubricating  properties  of  oil  and  grease. 
Two  forms  of  apparatus  may  be  described. 

I.  Statical  Apparatus. — A  short  cylindrical  axle,  of  a  convenient 
diameter  (say  2,  3,  or  4  inches),  is  supported  at  its  ends  by  bearings 
on  the  top  of  a  pair  of  strong  fixed  standards.  The  ends  of  the 
axle  overhang  their  bearings,  and  cany  a  pair  of  equal  and  similar 
pulleys,  by  means  of  which  it  is  driven  at  a  speed  equal,  or  nearly 
equal,  to  the  greatest  intended  working  speed  of  the  axles  with 
which  the  unguents  to  be  tested  are  to  be  used  in  practice.  The 
object  of  driving  the  axle  at  both  ends  is  to  ensure  great  steadiness 
of  motion.  The  driving-gear  ought  to  be  capable  of  reversing  the 
direction  of  rotation.  At  the  middle  of  its  length  the  axle  is 
turned  so  as  to  form  a  very  accurate  and  smooth  journal,  of  a 
length  equal  to  from  1£  to  2£  times  its  diameter.  Upon  that 
journal  there  hangs  a  plumber-block  or  axle-box,  fitted  with  a 
suitable  bush  or  bearing.  That  plumber-block  is  rigidly  connected 
with  a  heavy  mass  of  suitable  material,  such  as  cast  iron,  so  as  to 
form  as  it  were  a  pendulum  hanging  from  the  journal  in  the 
middle  of  the  axle,  and  of  a  weight  suited  to  produce  a  pressure 
on  the  journal  equal  to  the  greatest  pressure  to  which  the  unguent 
is  to  be  exposed  in  practice  (see  Article  $\ft,  ^a^  ^ftfty    ^fcfe 
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pendulum  is  furnished  with  an  index  and  graduated  arc,  to  show 
its  deviation  from  a  vertical  position. 

The  hanging  plumber-block  having  been  supplied  with  the 
unguent  to  be  tested,  the  axle  is  to  be  driven  at  full  speed,  first  in 
one  direction,  and  then  in  the  contrary  direction,  and  the  two 
contrary  deviations  of  the  pendulum  observed.  Let  6  denote  the 
Jialf-sum  of  those  deviations,  expressed  in  circular  measure  to 
radius  unity;  c,  the  distance  from  the  axis  of  rotation  to  the  centre 
of  gravity  of  the  pendulum;  r,  the  radius  of  the  journal;  let  W  be 
the  weight  of  the  pendulum ;  then  the  mean  statical  moment  of 
the  pendulum  is 

W  c  sin  6  =  W  c  $  nearly; 

and  that  moment  balances  the  moment  of  friction  (Article  311, 
page  356),  whose  value  is/Wr  nearly,  and  will  be  afterwards 
shown  to  be  exactly 

W  r  sin  tf 

<t  being  the  angle  of  repose.  Equating,  therefore,  those  two  equal 
moments,  we  find 

r  sin  0  =  c  sin  4;  and 

c               c  fi 
sin  #  =  /nearly  =  -  sin  0  = — nearly (1.) 

T  T 

The  distance,  c,  of  the  centre  of  gravity  of  the  pendulum  from  the 
axis  may  be  fouud  experimentally,  by  applying  a  known  weight 
at  a  known  horizontal  distance  from  the  axis,  so  as  to  make  the 
pendulum  deviate,  and  observing  the  deviation.  Let  P  be  the 
weight  so  applied,  x  its  leverage,  0  the  deviation  which  it  produces; 
then,  if  there  were  no  friction,  we  should  have 

Pre 
c  = 


W  sin  0 


In  order  to  eliminate  the  effects  of  friction  from  the  determination 
of  c,  the  load  P  with  the  leverage  x  should  be  applied  at  contrary 
sides,  so  as  to  increase  the  deviation  of  the  pendulum,  while  the 
axle  is  rotating  in  the  two  contrary  directions. 

Let  sin  0  be  the  mean  of  the  sines  of  the  deviations  produced  by 
friction  alone,  and  sin  0  the  mean  of  the  sines  of  the  deviations 
produced  by  the  friction  and  the  load  P  together;  then  we  shall 
have 

°  "  W  (sin  ©  -  sin  §)' W 

II.  Dynamic  or  Kinetic  Apparatus. — To  measure  the  friction  of 
an  axle  by  means  of  its  retarding  effect  upon  a  rotating  mass,  the  axle 
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is  supported  on  suitable  bearings  at  its  ends,  as  in  the  Statical 
Apparatus  just  described ;  and  at  the  middle  of  its  length  it  has 
fitted  on  it,  and  accurately  balanced,  a  round  disc  acting  as  a  fly- 
wheel, of  weight  sufficient  to  produce  the  required  pressure  on  the 
bearings.  (See  Article  310,  page  353.)  The  numbers  of  turns 
made  by  the  axle  are  counted  and  indicated  by  means  of  a  light  and 
easily-driven  train  of  small  wheels,  with  dial-plates  and  indexes. 

The  axle  is  provided  with  driving-gear  of  a  kind  which  can  be 
instantly  disengaged  when  required;  for  example,  a  fast  pulley  on 
one  overhanging  end,  with  a  loose  pulley  alongside  of  it,  the  loose 
pulley  being  carried,  not  by  the  fly-axle  itself,  but  by  a  separate 
axle  in  the  same  straight  line  with  the  fly-axle. 

After  the  axle  with  its  fly-disc  has  been  set  in  motion  at  a  speed 
greater  than  the  working  speed  of  the  axles  to  which  the  unguent 
to  be  tested  is  to  be  applied  in  practice,  the  driving-gear  is  to  be 
disengaged;  when  the  speed  of  rotation  will  undergo  a  gradual 
retardation  through  the  friction  of  the  journals.  The  numbers  of 
turns  made  in  a  series  of  equal  intervals  of  time  (for  example, 
intervals  of  thirty  seconds,  or  of  sixty  seconds,  or  of  a  hundred 
seconds)  are  to  be  observed  on  the  counting  dials,  and  noted  down. 

Let  W  denote  the  weight  of  the  whole  rotating  mass,  con- 
sisting of  the  axle  with  its  fly-disc;  e,  the  radius  of  gyration 
of  that  mass.  (See  Article  313,  page  357).  Let  t  be  the  uni- 
form length  in  seconds  of  the  intervals  of  time  during  which 
the  numbers  of  revolutions  are  recorded ;  and  in  one  of  those 
intervals  let  the  disc  make  n  revolutions,  and  in  the  next 
interval   n!   revolutions.      Then    the   mean    angular    velocity    is, 

2    7  71 

during  the  first  interval,  ,  and  during  the  second  interval, 


2  *n' 


;  and  treating  the  rate  of  retardation  as  sensibly  uniform,  the 


retardation  which  takes  place  during  the  t  seconds  which  elapse 
from  the  middle  of  the  first  interval  to  the  middle  of  the  second 
interval  is 

2*(n  -  ri) 

t  ' 

and  to  produce  that  retardation  in  the  course  of  t  seconds  in  a  body 
whose  moment  of  inertia  is  Wg2,  there  is  required  a  retarding 
moment  of  the  following  value : — 

n->,(';^ do 

if 

Part  of  the  retarding  moment  is  due  to  the  resistance  of  the  air; 
but  if  the  fly  is  a  smooth  round  disc  without  axm*,  ^da&  \&a^  ^ 


I 
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neglected  for  the  purpose  of  the  experiments,  and  the  whole  moment 
treated  as  due  to  axle-friction.  Let  r  be  the  radius  of  the  journals, 
and  f  the  co-efficient  of  friction  :  then,  as  before,  the  moment  of 
friction  is  very  nearly  f  W  r;  and  by  equating  this  to  the  retard- 
ing moment,  and  dividing  both  sides  of  the  equation  by  W  r,  wo 
obtain  the  following  formula  for  the  co-efficient  of  friction : — 

,_»ife-a* w 

When  the  numbers  of  revolutions  have  been  observed  during  a 
series  of  more  than  two  equal  intervals  of  time,  the  formula  2  for 
the  co-efficient  of  friction  is  to  be  applied  to  each  consecutive  pair 
of  intervals,  and  a  mean  of  the  results  taken. 

The  radius  of  gyration  e  and  the  radius  of  the  journals  r  should 
of  course  be  expressed  in  the  same  units  of  measure.     In  British 
measures,  feet  are  the  most  convenient  for  the  present  purpose       1 
The  constant  factor  has  the  following  values  : — 

3*=         l         = !_  ai 

g        0-1-25  feet      1-56  metre v   ' 

Similar  experiments  may  be  made  with  a  disc  rotating  about  a 
vertical  axis,  and  supported  by  a  pivot;  regard  being  had  to  the 
value  of  the  moment  of  friction  of  a  pivot,  as  stated  in  Article  311, 
page  35  G. 

To  find  the  square  e2  of  the  radius  of  gyration  by  experiment, 
fix  a  pair  of  slender  pins  in  the  two  faces  of  the  disc  at  two  points 
opposite  each  other,  and  near  its  circumference;  hang  up  the  disc 
with  its  axle  by  these  pins,  and  make  it  swing  like  a  pendulum  in 
a  plane  perpeudicular  to  its  axis;  count  the  number  of  single 
swings  in  some  convenient  interval  of  time ;  calculate  their  number 
per  second,  and  let  N  denote  that  number.  Then  calculate  the 
length  L  of  the  equivalent  simple  pendulum,  by  the  following 
formula : — 

L=I21P <4> 

The  constant  factor  of  this  expression,  being  the  length  of  the 
seconds  pendulum,  has  approximately  the  following  values : — 

\  =  3-26  feet  =0992  m5tre (5.) 

Let  C  be  the  distance  from  the  point  of  suspension  to  the  axis 
of  figure  of  the  disc  and  axle;  then  the  square  of  the  radius  of 
gyration  is  calculated  as  follows  : — 

e2  =  C  (L  -  C). (6.) 
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When  the  object  of  the  experiments  is  not  to  obtain  absolute' 
values  of  the  co-efficient  of  friction,  but  merely  to  compare  one 
specimen  of  unguent  with  another,  it  is  sufficient  to  compare 
together  the  rates  of  retardation  with  the  two  unguents  in  equal 
intervals  of  time. 

III.  Comparison  of  Heating  Effects. — For  the  same  purpose  of 
comparing  unguents  with  each  other,  without  measuring  the  friction 
absolutely,  the  heating  effects  of  the  friction  with  different  unguents- 
are  sometimes  compared  together.  The  apparatus  used  is  similar 
to  that  described  under  the  head  of  (I.)  Static  Apparatus;  except  that 
there  is  no  reversing-gear,and  that  the  pendulum,  or  loaded  plumber- 
block,  has  no  index  nor  graduated  arc,  and  is  provided  with  a  ther- 
mometer, having  its  bulb  immersed  in  the  passage  through  which 
the  unguent  flows  from  the  grease-box  to  the  journal.  Another 
thermometer,  hung  on  the  wall  of  the  room,  shows  the  temperature 
of  the  air.  The  axle  is  driven  at  its  proper  speed,  until  the 
temperature  shown  by  the  first-mentioned  thermometer  ceases  to 
rise;  and  then  the  elevation  of  that  temperature  above  the 
temperature  of  the  air  is  noted.    (See  Article  310,  page  353.) 

In  all  experiments  for  the  purpose  of  comparing  unguents  with 
each  other,  care  should  be  taken  to  remove  one  sort  of  unguent 
completely  from  the  rubbing  surfaces,  grease-box,  and  passages, 
before  beginning  to  test  the  effect  of  another  sort,  lest  the  mixture- 
of  different  sorts  of  unguents  should  make  the  experiments  incon- 
clusive. 


Addendum  to  Article  309,  Page  348. 

Friction  of  Pistons  and  Plungers. — From  experiments  made  by 
Mr.  William  More  and  others,  it  appears  that  the  friction  of 
ordinary  pistons  and  plungers  may  be  estimated  at  about  one- 
tenth  of  the  amount  of  the  effective  pressure  exerted  by  the  fluid 
on  the  piston. 

The  friction  of  a  plunger  working  through  a  cupped  leather 
collar  is  equal  to  the  pressure  of  the  fluid  upon  a  ring  equal  in 
circumference  to  the  collar,  and  of  a  breadth  which,  according  to 
Air.  Mo  re's  experiments,  is  about  0*4  of  the  depth  of  bearing-sur- 
face of  the  collar;  and  according  to  the  experiments  of  Messrs. 
Hick  and  Luthy,  from  -01  to  015  inch  (=  from  '25  to  -375 
millimetres),  according  to  the  state  of  lubrication  of  the  collar. 
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CHAPTER  III 

OF  REGULATING  APPARATUS. 

349.  Regulating    Apparatus    Clawed — Brake — Fly— Gai 

The  effect  of  all  regulating  apparatus  is  to  control  the  speed  of 
machinery.  A  regulating  instrument  may  act  simply  by  con- 
suming energy,  so  as  to  prevent  acceleration,  or  produce  re- 
tardation, or  stop  the  machine  if  required;  it  is  then  called  a 
brake;  or  it  may  act  by  storing  surplus  energy  at  one  time,  and 
giving  it  out  at  another  time,  when  energy  is  deficient:  in  this 
case  it  is  called  txjly;  or  it  may  act  by  adjusting  the  power  of  the 
prime  mover  to  the  work  to  be  done,  when  it  is  called  a  governor. 
The  use  of  a  brake  involves  waste  of  power.  A  fly  and  a  governor, 
on  the  other  hand,  promote  economy  of  power  and  economy  of 
strength. 

Section  I. — Of  Brakes. 

350.  Brakes  Defined  and  classed. — The  contrivances  here  com- 
prehended under  the  general  title  of  Brakes  are  those  by  means  of 
which  friction,  whether  exerted  amongst  solid  or  fluid  particles, 
is  purposely  opposed  to  the  motion  of  a  machine,  in  order  either  to 
stop  it,  to  retard  it,  or  to  employ  superfluous  energy  during  uniform 
motion.  The  use  of  a  brake  involves  waste  of  energy,  which  is  in 
itself  an  evil,  and  is  not  to  be  incurred  unless  it  is  necessary  to  con- 
venience or  safety. 

Brakes  may  be  classed  as  follows : — 

I.  Block-brakes,  in  which  one  solid  body  is  simply  pressed  against 
another,  on  which  it  rubs. 

II.  Flexible  brakes,  which  embrace  the  periphery  of  a  drum  or 
pulley  (as  in  Prony's  Dynamometer,  Article  341,  page  383). 

III.  Pump-brakes,  in  which  the  resistance  employed  is  the 
friction  amongst  the  particles  of  a  fluid  forced  through  a  narrow 
passage. 

IV.  Fan-brakes,  in  which  the  resistance  employed  is  that  of  a 
fluid  to  a  fan  rotating  in  it 

351.  Action  «f  Brakes  In  General. — The  work  disposed  of  by  a 

brake  in  a  given  time  is  the  product  of  the  resistance  which  it  pro- 
duces into  the  distance  through  which  that  resistance  is  overcome 
in  a  given  time. 

To  stop  a  machine,  the  brake  must  employ  work  to  the  amount 
of  the  whole  actual  energy  of  the  machine,  as  already  stated  in 
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Article  334.  To  retard  a  machine,  the  brake  must  employ  work 
to  an  amount  equal  to  the  difference  between  the  actual  energies 
of  the  machine  at  the  greater  and  less  velocities  respectively. 

To  dispose  of  surplus  energy,  the  brake  must  employ  work  equal 
to  that  energy ;  that  is,  the  resistance  caused  by  the  brake  must 
balance  the  surplus  effort  to  which  the  surplus  energy  is  due;  so 
that  if  n  is  the  ratio  which  the  velocity  of  rubbing  of  the  brake 
bears  to  the  velocity  of  the  driving  point,  P,  the  surplus  effort  at 
the  driving  point,  and  R  the  resistance  of  the  brake,  wc  ought  to 
have — 

R  =  ~. (1.) 

It  is  obviously  better,  when  practicable,  to  store  surplus  energy, 
or  to  prevent  its  exertion,  than  to  dispose  of  it  by  means  of  a 
brake. 

When  the  action  of  a  brake  composed  of  solid  material  is  long- 
continued,  a  stream  of  water  must  be  supplied  to  the  rubbing 
surfaces,  to  abstract  the  heat  that  is  produced  by  the  friction, 
according  to  the  law  stated  in  Article  311,  page  354. 

352.  Block-Brakes. — When  the  motion  of  a  machine  is  to  bo 
controlled  by  pressing  a  block  of  solid  material  against  the  rim  of 
a  rotating  drum,  it  is  advisable,  inasmuch  as  it  is  easier  to  renew 
the  rubbing  surface  of  the  block  than  that  of  the  drum,  that  the 
drum  should  be  of  the  harder,  and  the  block  of  the  softer  material 
— the  drum,  for  example,  being  of  iron,  and  the  block  of  wood. 
The  best  kinds  of  wood  for  this  purpose  are  those  which  have  con- 
siderable strength  to  resist  crushing,  such  as  elm,  oak,  and  beech. 
The  wood  forms  a  facing  to  a  frame  of  iron,  and  can  be  renewed 
when  worn. 

When  the  brake  is  pressed  against  the  rotating  drum,  the  direc- 
tion of  the  pressure  between  them  is  obliquely  opposed  to  the 
motion  of  the  drum,  so  as  to  make  an  angle  with  the  radius  of  the 
drum  equal  to  the  angle  of  repose  of  the  rubbing  surfaces  (denoted 
by  <t ;  see  page  349).  The  component  of  that  oblique  pressure  in 
the  direction  of  a  tangent  to  the  rim  of  the  drum  is  the  friction 
(R) ;  the  component  perpendicular  to  the  rim  of  the  drum  is  the 
normal  pressure  (N)  required  in  order  to  produce  that  friction,  and 
is  given  by  the  equation 

N  =  ?; (1.) 

/being  the  co-efficient  of  friction,  and  the  proper  value  of  R  being 
determined  by  the  principles  stated  in  Article  351. 

It  is  in  general  desirable  that  the  brake  should  be  capable  of 
effecting  its  purpose  when  pressed  against  the  drvwn  Vj  \&sax&  <& 

9  T\ 
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the  strength  of  one  man,  polling  or  poshing  a  handle  -with  oil 
hand  or  one  foot.  As  the  required  normal  pressure  N  is  usoaty 
considerably  greater  than  the  force  which  one  man  can  exert,  t 
lever,  or  screw,  or  a  train  of  levers,  screws,  or  other  convenient 
mechanism,  must  be  interposed  between  the  brake  block  and  tbe 
handle,  so  that  when  the  block  is  moved  towards  the  dram,  the 
handle  shall  move  at  least  through  a  distance  as  many  times  greater 
than  the  distance  by  which  the  block  directly  approaches  the  drain, 
as  the  required  normal  pressure  is  greater  than  the  force  which 
the  man  can  exert. 

Although  a  man  may  be  able  occasionally  to  exert  with  one 
hand  a  force  of  100  lbs.,  or  150  lbs.,  for  a  short  time,  it  is  desirable 
that,  in  working  a  brake,  he  should  not  be  required  to  exert  a  force 
greater  than  he  can  keep  up  for  a  considerable  time,  and  exert  re- 
peatedly in  the  course  of  a  day,  without  fatigue — that  is  to  say, 
about  20  lbs.  or  25  lbs. 

353.  The  Brakes  «f  Carriage*  are  usually  of  the  class  just  de- 
scribed, and  are  applied  either  to  the  wheels  themselves  or  to 
drums  rotating  along  with  the  wheels.  Their  effect  is  to  stop  or  to 
retard  tbe  rotation  of  the  wheels,  and  make  them  slip,  instead  of 
rolling  on  the  road  or  railway.  The  resistance  to  the  motion  of  a 
carriage  which  is  caused  by  its  brake  may  be  less,  but  cannot  be 
greater,  than  the  friction  of  the  stopped  or  retarded  wheels  on  the 
road  or  rails  under  the  load  which  rests  on  those  wheela  The 
distance  which  a  carriage  or  train  of  carriages  will  run  on  a  level 
line  during  the  action  of  the  brakes  before  stopping,  is  found  by 
dividing  the  actual  energy  of  the  moving  mass  before  the  brakes 
are  applied,  by  the  sum  of  the  ordinary  resistance  and  of  the  addi- 
tional resistance  caused  by  the  brakes ;  in  other  words,  that  dis- 
tance is  as  many  times  greater  than  the  height  due  to  the  speed  as 
the  weight  of  the  moving  mass  is  greater  than  the  total  resistance. 

The  skid,  or  slipper-drag,  being  placed  under  a  wheel  of  a  carriage, 
causes  a  resistance  due  to  the  friction  of  the  skid  upon  the  road  or 
rail  under  the  load  that  rests  on  the  wheel. 

354.  Flexible  Brakes.  (A.  M.,  678.) — A  flexille  brake  embraces 
a  greater  or  less  arc  of  the  rim  of  a  drum  or  pulley  whose  motion 
it  resists.  In  some  cases  it  consists  of  an  iron  strap,  of  a  radius 
naturally  a  little  greater  than  that  of  the  drum ;  so  that  when  left 
free,  the  strap  remains  out  of  contact  with  the  drum,  and  does  not 
resist  its  motion ;  but  when  tension  is  applied  to  the  ends  of  the 
strap,  it  clasps  the  drum,  and  produces  the  required  friction.  The 
rim  of  the  drum  may  be  either  of  iron  or  of  wood.  In  other  cases 
the  brake  consists  of  a  chain,  or  jointed  series  of  iron  bars,  usually 
faced  with  wooden  blocks  on  the  side  next  the  drum.  When  ten- 
sion is  applied  to  the  ends  of  the  chain,  the  blocks  clasp  the  drum 
and  produce  friction ;  when  that  tension  is  removed!  the  blocks  are 
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drawn  back  from  the  drum  by  springs  to  which  they  are  attached, 
and  the  friction  ceases. 

The  following  formulae  are  exact  for  perfectly  flexible  continuous 
bands,  and  approximate  for  elastic  strajw  and  for  chains  of  blocks. 
Their  demonstration  has  already  been  given  in  Article  310  a,  page 

In  fig.  254,  let  A  B  be  the  drum,  and  C  its  axis,  and  let  the 
direction  of  rotation  of  the  drum  be  indicated 
by  the  arrow.  Let  Tx  and  T2  represent  the 
tensions  at  the  two  ends  of  the  strap,  which 
embraces  the  rim  of  the  drum  throughout  the 
arc  A  B.  The  tension  TL  exceeds  the  tension 
T2  by  an  amount  equal  to  the  friction  between 
the  strap  and  drum,  R ;  that  is, 


R  =  Tx  -  T, 


2- 


Let  c  denote  the  ratio  which  the  arc  of  contact, 
A  B,  bears  to  the  circumference  of  the  drum ; 
f,  the  co-efficient  of  friction  between  the  strap 
and  drum ;  then  the  ratio  Tj  :  T2  is  the  number 
tu/cose  common  logarithm  is  27 288  fc,  or 


Fig.  254. 


±1  =  102-7288/c  =  N;  (1.) 

2 

which  number  having  been  found,  is  to  be  used  in  the  following 
formulae  for  finding  the  tensions,  Tlf  Tg,  required  in  order  to  pro- 
duce a  given  resistance,  R : — 

N 
Backward  or  greatest  tension,  T2  =  R  •  ^ =-; (2.) 


Forward  or  least  tension, 


T2  =  R 


N  -  1 


(3.) 


The  following  cases  occur  in  practice  : — 

I.  When  it  is  desired  to  produce  a  great  resistance  compared 
with  the  force  applied  to  the  brake,  the  backward  end  of  the  brake, 
where  the  tension  is  Tv  is  to  be  fixed  to  the  framework  of  the 
machinery,  and  the  forward  end  moved  by  means  of  a  lever  or 
other  suitable  mechanism ;  when  the  force  to  be  applied  by  means 
of  that  mechanism  will  be  T2,  which,  by  making  N  sufficiently 
great,  may  be  made  small  as  compared  with  R. 

II.  When  it  is  desired  that  Hie  resistance  sliatt  always  be  less  than 
a  certain  given  force,  the  forward  end  of  the  brake  is  to  be  fixed, 
and  the  backward  end  pulled  with  a  force  not  exceeding  the  £\v<s&> 
force.    This  will  be  Tx;  and,  as  the  equation^  aWw*,Ww  ^»& 
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soever  N  may  be,  R  will  always  be  less  than  Tr  This  Is  tb 
principle  of  the  brake  applied  by  Sir  William  Thomson  to 
apparatus  for  paying  out  submarine  telegraph  cables,  with  a  vie* 
to  limiting  the  resistance  within  the  amount  which  the  cable  em 
safely  bear. 

In  any  case  in  which  it  is  desired  to  give  a  great  value  to  the 
ratio  N,  the  flexible  brake  may  be  coiled  spirally  round  the  dram, 
so  as  to  make  the  arc  of  contact  greater  than  one  circumference. 

355.  Pump-Brake*. — The  resistance  of  a  fluid,  forced  by  a  pump 
through  a  narrow  orifice,  may  be  used  to  dispose  of  superfluous 
energy;  as  in  the  "cataract,"  or  "dash-pot." 

The  energy  which  is  expended  in  forcing  a  given  weight  of  flukl 
through  an  orifice  is  found  by  multiplying  that  weight  into  the 
height  due  to  the  greatest  velocity  which  its  particles  acquire  in 
that  process,  and  into  a  factor  greater  than  unity,  which  for  each 
kind  of  oriflce  is  determined  experimentally,  and  whose  excess 
above  unity  expresses  the  proportion  which  the  energy  expended  in 
overcoming  the  friction  between  the  fluid  and  the  orifice  beara  to 
the  energy  expended  in  giving  velocity  to  the  fluid. 

The  following  are  some  of  the  values  of  that  factor,  which  will 
be  denoted  by  1  +  F : — 

For  an  orifice  in  a  thin  plate,  1  +  F  =  1-054 (1.) 

For  a  straight  uniform  pipe  of  the  length  I,  and  whose  hydraulic 
mean  depth,  that  is,  the  area  divided  by  the  circumference  of  its 
cross-section,  is  m, 

1  +  F  =  1-505  +*— (2.) 

For  cylindrical  pipes,  m  is  one-fourth  of  the  diameter. 

The  factor  /in  the  last  formula  is  called  the  co-efficient  of  friction 
of  the  fluid.  For  water  in  iron  pipes,  the  diameter  d  being  ex- 
pressed in  feet,  its  value,  according  to  Darcy,  is 

/=0-00o(l+ilL) <W 

For  air,  /=  000G  nearly. (4.) 

The  greatest  velocity  of  the  fluid  particles  is  found  by  dividing 
the  volume  of  fluid  discharged  in  a  second  by  the  area  of  the  outlet 
at  its  most  contracted  part.  When  tho  outlet  is  a  cylindrical 
pipe,  the  sectional  area  of  that  pipe  may  be  employed  in  this 
calculation ;  but  when  it  is  an  orifice  in  a  thin  plate,  there  is  » 
contracted  vein  of  the  issuing  stream  after  passing  the  orifice,  whose 
area  is  on  an  average  about  0  62  of  the  area  of  the  orifice  itself; 

id  that  contracted  area  is  to  be  employed  in  computing  the 
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velocity.  Its  ratio  to  the  area  of  the  orifice  in  the  plate  is  called 
the  co-efficient  of  contraction.    (See  page  586.) 

The  computation  of  the  energy  expended  in  forcing  a  given 
quantity  of  a  given  fluid  in  a  given  time  through  a  given  outlet,  is 
expressed  symbolically  as  follows  : — 

Let  Y  be  the  volume  of  fluid  forced  through,  in  units  of  volume 
per  second. 

D,  the  heaviness  of  the  fluid  (see  page  326). 

A,  the  area  of  the  orifice. 

c,  the  co-efficient  of  contraction. 

v,  the  velocity  of  outflow. 

R,  the  resistance  overcome  by  the  piston  of  the  pump  in  driving 
the  water. 

n,  the  velocity  of  that  piston. 

Then 


-it <*> 


and 


«s 


Ru«DV(l  +1)3-; (6.) 

if 


the  factor  1  +  F  being  computed  by  means  of  the  formulae  1,  2,  3,  4. 
To  find  the  intensity  of  the  pressure  (p)  within  the  pump,  it  is 
to  be  observed,  as  in  Article  302,  that  if  A'  denotes  the  area  of  the 
piston, 

V  =  A'w;  R  =pA!; (7.) 

consequently, 

p-$-D(l  +  I)-£ (8.) 

that  is,  the  intensity  of  the  pressure  is  tJhaJt  due  to  the  weight  of  a 
vertical  column  of  the  fiuidy  wftose  lieigkt  is  greater  than  that  due  to 
the  velocity  of  outflow  in  the  ratio  1  +  F  :  1. 

To  allow  for  the  friction  of  the  piston,  about  one-tenth  may  in 
general  be  added  to  the  result  given  by  equation  6.   (Seo  page  399.) 

The  piston  and  pump  have  been  spoken  of  as  single ;  and  such 
may  be  the  case  when  the  velocity  of  the  piston  is  uniform.  When 
a  piston,  however,  is  driven  by  a  crank  on  a  shaft  rotating  at  an 
uniform  speed,  its  velocity  varies ;  and  when  a  pump-brake  is  to 
be  applied  to  such  a  shaft,  it  is  necessary,  in  order  to  give  a 
sufficiently  near  approximation  to  an  uniform  velocity  of  outflow, 
that  there  should  be  at  least  either  three  single  acting  pumps, 
driven  by  three  cranks  making  with  each  other  angles  of  120°,  or 
a  pair  of  double-acting  pumps,  driven  by  a  pair  of  cranks  at  r\^& 
angles  to  each  other;  and  the  result  will  V»  Yx&toc  Si  M^a  \\x\sv\» 
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forca  the  fluid  into  one  common  air  vessel  before  it  arrives,  si  tkt 
resisting  orifice. 

That  orifice  may  be  provided  with  a  valve,  by  means  of  which  its 
area  can  be  adjusted  so  as  to  cause  any  required  resistance. 

A  pump-brake  of  a  simple  kind  is  exemplified  in  the  apparatoi 
called  the  "cataract"  for  regulating  the  opening  of  the  steam  valve 
in  single-acting  steam  engines.  It  is  fully  described  in  most 
special  treatises  on  those  engines.* 

356.  Fan-Brake* — A  fan,  or  wheel  with  vanes,  revolving  in 
water,  oil,  or  air,  may  be  used  to  dispose  of  surplus  energy;  and 
the  resistance  which  it  causes  may  be  rendered  to  a  certain  extent 
adjustable  at  will,  by  making  the  vanes  so  as  to  be  capable  of  being 
set  at  different  angles  with  their  direction  of  motion,  or  at  different 
distances  from  their  axis. 

Fan-brakes  are  applied  to  various  machines,  and  are  usually 
adjusted  so  as  to  produce  the  requisite  resistance  by  trial.  It  is, 
indeed,  by  trial  only  that  a  final  and  exact  adjustment  can  be 
effected;  but  trouble  and  expense  may  be  saved  by  making,  in  the 
first  place,  an  approximate  adaptation  of  the  fan  to  its  purpose  by 
calculation. 

The  following  formulae  are  the  results  of  the  experiments  of 
Duchemin,  and  are  approved  of  by  Poncelet  in  his  Mecaniqm 
Indu8tridle : — 

For  a  thin  flat  vane,  whose  plane  traverses  its  axis  of  rotation,  let 

A  denote  the  area  of  the  vane ; 

/,  the  distance  of  its  centre  of  area  from  the  axis  of  rotation; 

8,  the  distance  from  the  centre  of  area  of  the  entire  vane  to 
the  centre  of  area  of  that  half  of  it  which  lies  nearest  the  axis  of 
rotation ; 

v,  the  velocity  of  the  centre  of  area  of  the  vane  (  =  a  l9  if  a  is 
the  angular  velocity  of  rotation) ; 

D,  the  heaviness  of  the  fluid  in  which  it  moves; 

II  lj  the  moment  of  resistance ; 

k,  a  co-efficient  whose  value  is  given  by  the  formula 

J  A 
h  =  1-254  +  1-6244^=; (1.) 

I  —  8 

then 

R  I  =  Ik  D  A  •  ~  (2.) 

When  the  vane  is  oblique  to  its  direction  of  motion,  let  i  denote 

*  Pump-brakes  have  been  applied  to  railway  carriages  by  Mr.  Laurence 
HilL  Hydraulic  buffers,  which  act  on  the  same  principle,  have  been  applied 
to  railway  carriages  by  Colonel  Clark,  R.  A. 
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the  acute  angle  which  its  surface  makes  with  that  direction;  then 
the  result  of  equation  2  is  to  be  multiplied  by 


2  sin2  t 
1  +  sin2  % 


(3.) 


Jt  appears  that  the  resistance  of  a  fan  with  several  vanes  increases 
nearly  in  proportion  to  the  number  of  vanes,  so  long  as  their  dis- 
tances apart  are  not  less  at  any  point  than  their  lengths.  Beyond 
that  limit  the  law  is  uncertain.    . 


Section  II.— Of  Fly-  Wheels. 

357.    Periodical  Fluctuation*  of  Speed  in  a  machine  (A.  M.,  689) 

are  caused  by  the  alternate  excess  and  deficiency  of  the  energy 
exerted  above  the  work  performed  in  overcoming  resisting  forces, 
which  produce  an  alternate  increase  and  diminution  of  actual 
energy,  according  to  the  law  explained  in  Article  330,  page  373. 

To  determine  the  greatest  fluctuation  of  speed  in  a  machine 
moving  periodically,  take  A  B  C,  in  fig.  255, 
to  represent  the  motion  of  the  driving  point 
during  one  period ;  let  the  effort  P  of  the  prime    2 
mover  at  each  instant  be  represented  by  the 
ordinate  of  the  curve  DGEIF;  and  let  the 
sum  of  the  resistances,  reduced  to  the  dnving  ~~ 
point  as  in  Article  305,  at  each  instant,  be 
denoted  by  B,  and  represented  by  the  ordinate 
of  the  curve  D  H  E  K  F,  which  cuts  the  former  curve  at  the 
ordinates  A  D,  B  E,  C  F.     Then  the  integral, 


JZ 


i£ 


Fig.  255. 


/(P-B)c/s, 


being  taken  for  any  part  of  the  motion,  gives  the  excess  or  defi- 
ciency of  energy,  according  as  it  is  positive  or  negative.  For  the 
entire  period  ABC,  this  integral  is  nothing.  For  A  B,  it  denotes 
an  excess  of  energy  received,  represented  by  the  area  D6EH;  and 
for  B  C.  an  equal  excess  of  work  performed,  represented  by  tbe  equal 
area  E  K  F  I.  Let  those  equal  quantities  be  each  represented  by 
^  E.  Then  the  actual  energy  of  the  machine  attains  a  maximum 
value  at  B,  and  a  minimum  value  at  A  and  C,  and  a  E  is  the 
difference  of  those  values. 

Now  let  v0  be  the  mean  velocity,  v*  the  greatest  velocity,  t73  the 
least  velocity  of  the  driving  point,  and  2  •  n2  W  the  reduced  inertia 
of  the  machine  (see  Article  315,  page  362);  then 


*>i  -  *i 


4ml 


n*  W  =  a  E; 


(1.) 
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which,  being  divided  by  the  mean  actual  energy. 


gives 

2g 

that  r0  =  (vx 

2- 

+ 

A 

2 

w2 
•E 

^0 

A  E 

—      — —  • 

and  observing 

o 

**' 

•4-  2,  we  find 
!<7aE      . 

t5S-nfW 

(*) 


(3.) 

a  ratio  which  may  be  called  the  co- efficient  of  fluctuation  of  speed 
or  of  unsteadiness. 

The  ratio  of  the  periodical  excess  and  deficiency  of  energy  a  E 

to  the  whole  energy  exerted  in  one  period  or  revolution,  IP  d  #, 
has  been  determined  by  General  Morin  for  steam  engines  under 
various  circumstances,  and  found  to  be  from  ^  to  -j  for  single- 
cylinder  engines.  For  a  pair  of  engines  driving  the  same  shaft, 
with  cranks  at  right  angles  to  each  other,  the  value  of  this  ratio 
is  about  one-fourth,  and  for  three  engines  with  cranks  at  120°, 
one-twelfth  of  its  value  for  single-cylinder  engines. 

The  following  table  of  the  ratio,  a  E  ->  /  P  d  s,  for  one  revolution 

of  steam  engines  of  different  kinds  is  extracted  and  condensed  front* 
General  Morin' s  works: — 


Non-Expansive  Engines. 

Length  of  connecting  rod      _  fi  , 

Length  of  crank 

AE-rfrds  =         'io5         -n8         -125         -132 

Expansive  Condensing  Engines. 

Connecting  rod  -  crank  x  5. 

Fraction    of   stroke    at)i__i         J.         2         J^  x 

which  steam  is  cut  off,  y         3  4  5  6         "7  8 

^E-f  JPrffi  =      .163        173        178       -184       '189       'TOI 
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Expansive  Non-Condensing  Engines. 

Steam  cut  off  at  -  —  -  - 

*  3  4  o 

A  E  ~  |P  d  8  =  #i6o  *i86  *209  -232 

For  double-cylinder  expansive  engines,  the  value  of  the  ratio 
A  E  -T-  \T?  d  3  may  be  taken  as  equal  to  that  for  single-cylinder 

11  on-expansive  enginea 

For  tools  working  at  intervals,  such  as  punching,  slotting,  and 
plate-cutting  machines,  coining  presses,  <fca,  A  E  is  nearly  equal  to 
the  whole  work  performed  at  each  operation. 

358.  vir-Wheei».  (A.  M.y  690.) — A  fly-wheel  is  a  wheel  with  a 
heavy  rim,  whose  great  moment  of  inertia  being  comprehended  in 
the  reduced  moment  of  inertia  of  a  machine,  reduces  the  co-efficient 

of  fluctuation  of  speed  to  a  certain  fixed  amount,  being  about  _^  for 
ordinary  machinery,  and  ^  or  *-  for  machinery  for  fine  purposes. 
Let  —  be  the  intended  value  of  the  co-efficient  of  fluctuation  of 

ill 

sj>eed,  and  A  E,  as  before,  the  fluctuation  of  energy.  If  this  is  to 
Ik?  provided  for  by  the  moment  of  inertia,  I,  of  the  fly-wheel  alone, 
let  a0  be  its  mean  angular  velocity;  then  equation  3  of  Article 
357  is  equivalent  to  the  following  : — 


2-?*-E-  a) 

m~  ejl  ' {    } 

1  =  ^; (2.) 


the  second  of  which  equations  gives  the  requisite  moment  of  inertia 
of  the  fly-wheel. 

The  fluctuation  of  energy  may  arise  either  from  variations  in  the 
effort  exerted  by  the  prime  mover,  or  from  variations  in  the  resist- 
ance, or  from  both  those  causes  combined.  When  but  one  fly- 
wheel is  used,  it  should  be  placed  in  as  direct  connection  as- 
possible  with  that  part  of  the  mechanism  where  the  greatest 
amount  of  the  fluctuation  originates;  but  when  it  originates  at 
two  or  more  points,  it  is  best  to  have  a  fly-wheel  in  connection 
with  each  of  those  points. 

For  example,  let  there  be  a  steam  engine  which  drives  a  shaft 
that  traverses  a  workshop,  having  at  intervals  upon  it  pulleys  for 
driving  various  machine-tools.     The  steam  engine  fc\\o\A&.  \vv\n^  ^ 


410  DYNAMICS  OF  MACHINERY. 

fly-wheel  of  its  own,  as  near  as  practicable  to  its  crank,  adapted  to 
that  value  of  A  E  which  is  due  to  the  fluctuations  of  the  effort 
applied  to  the  crank-pin  above  and  below  the  mean  value  of  that 
effort,  and  which  may  be  computed  by  the  aid  of  General  Morin's 
tables,  quoted  in  Article  357 ;  and  each  machine-tool  should  also 
have  a  fly-wheel,  adapted  to  a  value  of  A  E  equal  to  the  whole 
work  performed  by  the  tool  at  one  operation. 

As  the  rim  of  a  fly-wheel  is  usually  heavy  in  comparison  with 
the  arms,  it  is  often  sufficiently  accurate  for  practical  purposes  to 
take  the  moment  of  inertia  as  simply  equal  to  the  weight  of  the 
rim  multiplied  by  the  square  of  the  mean  between  its  outside  and 
inside  radii — a  calculation  which  may  be  expressed  thus: — 


I  =  Wr2; (3.) 

whence  the  weight  of  the  rim  is  given  by  the  formula — 

w»<jrAE_msrAE 


al  r2  v'2 


'0 


if  v  be  the  velocity  of  the  rim  of  the  fly-wheel. 

In  millwork  the  ordinary  values  of  the  product  mgt  the  unit 
of  time  being  the  second,  lie  between  1,000  and  2,000  feet,  or 
approximately  between  300  and  600  metres.  In  pumping- 
machinery#it  is  sometimes  ouly  about  300  feet,  or  90  metres. 

The  rim  of  the  fly-wheel  of  a  factory  steam  engine  is  very  often 
provided  with  teeth,  or  with  a  belt,  in  order  that  it  may  directly 
drive  the  machinery  of  the  factory. 

Section  III. — Of  Governors. 

359.  The  Regulator  of  a  prime  mover  is  some  piece  of  apparatus 
by  which  the  rate  at  which  it  receives  energy  from  the  source  of 
energy  can  be  varied;  such  as  the  sluice  or  valve  which  adjusts 
the  size  of  the  orifice  for  supplying  water  to  a  water-wheel,  the 
apparatus  for  varying  the  surface  exposed  to  the  wind  by  windmill 
sails,  the  throttle- valve  which  adjusts  the  opening  of  the  steam  pipe 
of  a  steam  engine,  the  damper  which  controls  the  supply  of  air  to 
its  furnace,  and  the  expansion  gear  which  regulates  the  volume  of 
steam  admitted  into  the  cylinder  at  each  stroke  of  the  piston. 

In  prime  movers  whose  speed  and  power  have  to  be  frequently 
and  rapidly  varied  at  will,  such  as  locomotives  and  windiug 
engines  for  mines,  the  regulator  is  adjusted  by  hand.  In  other 
cases  the  regulator  is  adjusted  by  means  of  a  self-acting  instrument 
driven  by  the  prime  mover  to  be  regulated,  and  called  a  Governor. 

The  special  construction  of  the  different  kinds  of  regulators  is  a 
subject  for  a  treatise  on  prime  movers.     In  the  present  treatise  it 
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is  sufficient  to  state  that  in  every  governor  there  is  a  moving  piece 
-which  acts  on  the  regnlator  through  a  suitable  train  of  mechanism, 
and  which  is  itself  made  to  move  in  one  direction  or  in  another 
according  as  the  prime  mover  is  moving  too  fast  or  too  slow. 

The  object  of  a  governor,  properly  so  called,  is  to  preserve  a 
certaiu  uniform  speed,  either  exactly  or  approximately;  and  such 
is  always  the  case  in  millwork.  There  are  other  cases,  as  in 
marine  steam  engines,  where  it  may  be  considered  sufficient  to 
prevent  sudden  variations  of  speed,  without  preserving  an  uniform 
speed ;  and  in  those  cases  an  apparatus  may  be  used  possessing 
only  in  part  the  properties  of  a  governor :  this  may  be  called  a 
/ly-governor,  to  distinguish  it  from  a  governor  proper. 

Governors  proper  may  be  distinguished  into  position-governors, 
disengagement-governors^  and  differential-governors :  a  position-gov- 
ernor being  one  in  which  the  moving  piece  that  acts  on  the  regu- 
lator assumes  positions  depending  on  the  speed  of  motion,  as  in 
the  common  steam  engine  governor,  which  consists  of  a  pair  of 
revolving  pendulums  acting  directly  on  a  train  of  mechanism  which 
adjusts  the  throttle- valve:  .a  disengaging-governor  being  one  which, 
when  the  speed  deviates  above  or  below  its  proper  value,  throws 
the  regulator  into  gear  with  one  or  other  of  two  trains  of 
mechanism  which  move  it  in  contrary  directions  so  as  to  diminish 
or  increase  the  speed,  as  the  case  may  require,  as  in  water-mill 
governors ;  and  a  differential-governor  being  one  which,  by  means 
of  an  aggregate  combination,  moves  the  regulator  in  one  direction 
or  in  another  with  a  speed  proportional  to  the  difference  between 
the  actual  speed  and  the  proper  speed  of  the  engine. 

In  almost  all  governors  the  action  depends  on  the  centrifugal 
force  exerted  by  two  or  more  masses  which  revolve  round  an  axis. 
By  another  classification,  different  from  that  which  has  already 
been  described,  governors  may  be  distinguished  into  gravity- 
governors,  in  which  gravity  is  the  force  that  opposes  the  centrifugal 
force ;  and  balanced  governors,  in  which  the  actions  of  gravity  on 
the  various  moving  parts  of  the  governor  are  mutually  balanced, 
and  the  centrifugal  force  is  opposed  by  the  elasticity  of  a  spring. 

Governors  may  be  further  distinguished  into  those  which  are 
truly  isochronous — that  is  to  say,  which  remain  without  action  on 
the  regulator  at  one  speed  ouly;  and  those  which  are  nearly 
isochronous — that  is  to  say,  which  admit  of  some  variation  of  the 
permanent  or  steady  speed  when  the  resistance  overcome  by  the 
engine  varies;  and  lastly,  governors  may  be  distinguished  into 
those  which  are  specially  adapted  to  one  speed,  and  those  which 
can  be  adjusted  at  will  to  different  speeds. 

3  GO.  Pendulum-Governor*. — A  pendulum -governor  is  the  simplest 
kind  of  gravity-governor.  It  has  a  vertical  spindle,  driven  by  the 
engine  to  be  regulated;   and  from  that  sjasuJAa  \hsc&  \uua^  ^ 
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opposite  sides,  a  pair  of  revolving  pendulums,  which,  by  the  positions 
that  they  assume  at  different  speeds,  act  on  the  regulator. 

The  relation  between  the  height  of  a  simple  revolving  pendulum 
and  the  number  of  turns  which  it  makes  per  second  has  already 
been  stated  in  Article  319;  but  for  the  sake  of  convenience  it 
may  here  be  repeated : — Let  h  denote  the  height  or  altitude  of  the 
pendulum  (=OH  in  fig.  256),  and  T  the  number  of  turns  per 
second;  then 
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•815  foot     9-78  inches     0-248  metre 
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If  the  rods  of  the  revolving  pendulums  are  jointed,  as  in  fig. 
257,  not  to  a  point  in  the  vertical  axis,  but  to  a  pair  of  points, 
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Fig.  25C. 
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such  as  C,  c,  in  arms  projecting  from  that  axis,  the  height  is  to  he 
measured  to  the  point  O,  where  the  lines  of  tension  of  the  rods  cut 
the  axis. 

In  most  cases  which  occur  in  practice,  the  balls  are  so  heavy,  as 
compared  with  the  rods,  that  the  height  may  be  measured  without 
sensible  error  from  the  level  of  the  centres  of  the  balls  to  the  point 
O,  where  the  lines  of  suspension  cut  the  axis.  This  amounts  to 
neglecting  the  effects  both  of  the  weight  and  of  the  centrifugal 
force  of  the  rods.  These  effects  may,  if  required,  be  taken  into 
account  approximately,  as  follows: — Let  B  be  the  weight,  and  6  the 
melius,  of  a  ball ;  let  R  be  the  weight  of  a  rod,  and  r  the  length 
from  O  to  the  centre  of  B ;  let  h  be  the  height  from  the  centre  of 
B  to  O,  and  /*'  the  corrected  height ;  then 

*-»(-!kr!)*(,*sft?!!)' « 

and  the  number  of  revolutions  per  second  will  correspond  nearly 
to  this  corrected  height. 
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The  ordinary  steam  engine  governor  invented  by  Watt,  which 
is  represented  in  fig.  256,  is  a  position-governor,  and  acts  on  the 
regulator  by  means  of  the  variation  of  its  altitude,  through  a  train 
of  levers  and  link  work.  That  train  may  be  very  much  vaiied  in 
detail.  In  the  example  shown  in  the  figure,  the  lever  O  C  forms 
one  piece  with  the  ball-rod  O  B,  and  the  lever  O  c  with  the  ball- 
rod  O  b ;  so  that  when  the  speed  fulls  too  low,  the  balls  B,  b,  by- 
approaching  the  spindle,  cause  the  point  E  to  rise;  and  when  the 
speed  rises  too  high,  the  balls,  by  receding  from  the  spindle,  cause 
the  point  E  to  fall.  At  the  point  E  there  is  a  collar,  held  in  the 
forked  end  of  the  lever  E  F,  which  communicates  motion  to  the 
regulator. 

The  ordinary  pendulum-governor  is  not  truly  isochronous ;  for 
when,  in  order  to  adapt  the  opening  of  the  regulator  to  different 
loads,  it  rotates  with  its  revolving  pendulums  at  different  angles 
to  the  vertical  axis,  the  altitude  h  assumes  different  values,  corre- 
sponding to  different  speeds. 

As  in  Article  357,  let  the  utmost  extent  of  fluctuation  of  the 
speed  of  the  engine  between  its  highest  and  lowest  limits  be  the 

fraction  —  of  the  mean  speed;  let  h  be  the  altitude  of  the  governor 

corresponding  to  the  mean  speed;  and  let  k  be  the  utmost  extent 
of  variation  of  the  altitude  between  its  smaller  limit,  when  the 
regulator  is  shut,  and  its  greater  limit,  when  the  regulator  is  full 
open.     Then  we  have  the  following  proportion : — 

l!(1  +  iy,-(1-ni),!!*!*' 

and  consequently 


(3.) 


361.  Londed  Pcndnlnm-G«Tera«r. — From  the  balls  of  the  com- 
mon governor,  whose  collective  weight  is  (say)  A,  let  there  be, 
hung  by  a  pair  of  links  of  lengths  equal  to  the  ball-rods,  a  load 
B,  capable  of  sliding  up  and  down  the  spindle,  and  having  its 
centre  of  gravity  in  the  axis  of  rotation.  Then  the  centrifugal 
force  is  that  due  to  A  alone ;  and  the  effect  of  gravity  is  that  due 
to  A  +  2  B;  for  when  the  ball-rods  shift  their  position,  the  load 
B  moves  through  twice  the  vertical  distance  that  the  balls  move 
through,  and  is  therefore  equivalent  to  a  double  load,  2  B,  acting 
directly  on  the  balls.  Consequently  the  altitude  for  a  given  speed 
is  greater  than  that  of  a  simple  revolving  pendulum,  in  the  ratio 

2  B 
1  +   — ;  a  given  absolute  variation  of  altitude  in  moving  the 

regulator  produces  a  proportionate  variation  of  wgftfcdLTOtf&sst  <&>»&. 
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in  the  common  governor,  in  the  ratio  r oTT*  an<^  the  govwwr 

is  said  to  be  more  sensitive  than  a  common  governor,  in  the  ratio  of 
A  :  A  +  2  B.     Such  is  the  construction  of  Porter  8  governor. 

The  links  by  which  the  load  B  is  hung  may  be  attached,  not 
to  the  balls  themselves,  but  to  any  convenient  pair  of  points  in 
the  ball-rods;  the  links,  and  the  parts  of  the  ball-rods  to  which 
they  are  jointed,  always  forming  a  rhombus,  or  equilateral  par- 
allelogram. Let  q  be  the  ratio  borne  by  each  of  the  sides  of  that 
rhombus  to  the  length  on  the  ball-rods  from  the  centre  of  a  ball 
to  the  point  where  the  line  of  suspension  cuts  the  axis  ;  then  in 
the  preceding  expressions  2  q  B  is  to  be  substituted  for  2  B. 

In  the  one  case  2  B,  and  in  the  other  2  q  B,  is  the  weight, 
applied  directly  at  A,  which  would  be  statically  equivalent  to  the 
load  B,  applied  where  it  is. 

362.  ParaMie   PeadMlam-Ctorernors. — In  fig.   258,   let  B  X  be 

the  axis  of  the  spindle,  and  E  the  centre  of  one 
of  the  balls,  which,  as  it  moves  towards  or 
from  the  spindle,  is  guided  so  as  to  describe  a 
parabolic  arc,  K  E,  with  the  vertex  at  EL 
Let  E  F  be  a  normal  to  the  parabola,  cutting 
the  axis  in  F  The  vertical  height  of  F  above 
E  is  constant,  being  equal  to  twice  the  focal 
distance  of  the  parabola ;  hence  this  governor 
is  absolutely  isochronous.  That  is  to  say,  the 
balls  cannot  rfmain  steady  in  any  position 
except  at  one  jmrticular  speed  of  rotation; 
Y  being  that  corresponding  to  an  altitude  equal 
to  twice  the  focal  distance  of  the  parabola; 
and  any  deviation  of  the  speed  above  or  below 
that  value  causes  the  balls  to  move  continuously  outwards  and 
upwards,  or  inwards  and  downwards,  as  the  case  may  be,  until  their 
action  on  the  regulator  restores  the  proper  speed.  The  force  with 
which  the  balls  tend  to  shift  their  position  vertically,  when  a  de- 

viation  of  speed  occurs,  is  expressed  very  nearly  by ;  in 

which  A  is  the  collective  weight  of  the  balls,  n  the  proper  number 
of  revolutions  in  a  given  time,  and  A  n  the  deviation  from  that 
number.     The  balls  may  be  guided  in  various  ways,  viz : — 

I.  By  hanging  each  of  them  by  means  of  a  flexible  spring  from 
a  cheek,  L  H,  of  the  form  of  the  evolute  of  the  parabola.  To  find 
a  series  of  points  in  the  parabola  and  its  evolute,  let  /*  be  the 
altitude ;  then  from  the  vertex  K  lay  off  K  A  =  K  B  =  $h ;  A 
will  be  the  focus,  and  the  horizontal  line  B  Y  the  directrix.  Draw 
A  C  parallel  to  an  intended  position  of  the  ball-rod;  bisect  it  in  D; 


7*        C 
Fig.  258. 
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draw  DE  perpendicular  to  A  C,  and  C  E  parallel  toBX;  the 
intersection  E  will  be  a  point  in  the  parabola,  and  E  D  a  tangent. 
Then  parallel  to  C  A,  draw  E  F;  this  will  be  a  normal,  and  a  posi- 
tion of  the  ball-rod  From  F,  parallel  to  D  E,  draw  F  G,  cutting 
C  E  produced  in  G;  and  from  G,  parallel  to  B  Y,  draw  G,  cutting 
E  F  produced  in  H,  this  will  be  a  point  in  the  evolute.  To  ex- 
press this  algebraically,  let  BC  =  y  and  C  E  =  z  be  the  co-ordinates 
of  the  parabola;  and  let  B  M  =  z*  and  M  H  =  —  %f  be  those  of  ito 
evolute.     Then  we  have 

II.  Another  method  of  guiding  the  balls  is  to  support  them  by 
means  of  a  pair  of  properly  curved  arms,  on  which  they  slide  or  roll. 
On  the  top  of  the  balls  there  rests  a  horizontal  plate  or  bar,  which 
communicates  their  vertical  movements  to  the  regulator. 

III.  Approximate  Parabolic  Governor. — In  Farcot's  governor, 
the  rod  E  H,  in  its  middle  position,  is  hung  from  a  joint,  H,  at  the 
end  of  an  arm,  M  H ;  this  gives  approximate  isochronism.  The 
co-ordinates  of  the  point  H  are  found  by  the  rules  already  given. 

36 2a.  loaded  Parabolic  tiorernor. — When  the  balls  of  a  para- 
bolic governor  are  guided  in  the  second  manner  described  in  the 
preceding  article,  and  support  above  them  a  plate  or  bar,  to  which 
their  vertical  movements  are  communicated,  an  additional  load 
may  be  applied  to  them  by  means  of  that  plate.  Let  A  be  the 
collective  weight  of  the  balls;  B,  the  additional  load;  then  the 
altitude  corresponding  to  a  given  speed  is  greater  than  in  the 
unloaded  governor,  in  the  ratio  of  A  +  B  :  A ;  and  the  speed 
corresponding   to   a  given   altitude   is    greater,   in   the   ratio   of 

J  (A  +  B)  :  J  A ;    and  by  varying   the   load,  the  speed  of  the 
governor  may  be  varied  at  will 

363.    Inocbronona  Grnvitf-Gorernor    (Rankind «). — In     this    form 

of  governor  (see  fig.  259)  the  four  centrifugal  balls  marked  B  are 
balanced,  as  regards  gravity,  about  the  joint  A,  on  the  spindle 
A  M.  D,  D  are  sliders  on  the  ball-rods;  D  C,  D  C,  levers  jointed 
to  the  sliders,  and  centred  on  a  point  in  the  spindle  at  C,  and  of 
a  length  DC  =  CA;  GG,  a  loaded  circular  platform  hung  from 
the  levers  C  D,  C  D,  by  links  E  F,  E  F;  H,  an  easy-fitting  collar,, 
jointed  to  the  steelyard  lever  H  K,  whose  fulcrum  is  at  K ;  L,  a 
weight  adjustable  on  this  lever.  This  governor  is  truly  isoch- 
ronous; the  altitude  h  of  a  revolving  pendulum  of  equal  speed  is 
given  by  the  equation 

,       B  -A  B2  m 
2D-CD' 

in  which  B  is  the  collective  weight  of  the  cejitrifo^xsaaaea^usA. 
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1>  the  load,  suspended  directly  at  J),  to  which  the  actual  load  ■ 
statically  equivalent     The  load  D,  and  consequently  the  allitsA  1 
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and  the  speed,  can  be  varied  at  will,  by  shifting  the  weight  L ; 
which  can  be  done  either  by  hand  or  by  the  engine  itself.  The 
regulator  may  be  acted  on  by  the  other  end  of  the  lever  H  K. 
The  levers  C  D,  C  D  should  be  horizontal  when  in  their  middle 
position;  and  theu  the  ball-rods  will  slope  at  angles  of  45s.     Two 
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positions  of  the  parts  of  the  governor  when  the  rods  deviate  from 
their  middle  position,  are  shown  by  dotted  lines  and  accented 
letters.  If  convenient,  the  links  E  F,  E  F  may  be  hung  directly 
from  the  slides  D,  D. 

The  theory  of  this  governor  is  illustrated  by  fig.  260.  In 
any  position  of  the  parts,  let  A  C  be  the  axis  of  rotation; 
A  B,  a  ball-rod  carrying  a  ball  at  B ;  C,  the  point  at  which  the 
lever  C  D  =  C  A  is  jointed  to  the  spindle ;  D,  the  central  point 
of  the  slider  at  the  end  of  that  lever.  About  C  draw  the  circle 
A  D  Q,  cutting  the  axis  of  rotation  in  Q;  join  DQ;  and  draw 
D  R  and  B  P  perpendicular  to  A  Q. 

Then  when  the  position  of  the  parts  varies,  and  the  speed  is 
coustant,  the  moment  of  the  centrifugal  force  of  the  balls  relatively 
to  A  varies  proportionally  to  B  P  •  P  A,  and  therefore  propor- 
tionally to  the  area  of  the  right-angled  triangle  APB;  and  the 
moment  relatively  to  A  of  the  load  which  acts  on  the  point  D 
varies  proportionally  to  D  R,  and  therefore  to  the  area  of  the 
right-angled  triangle  ADQ;  but  the  areas  of  the  triangles  A  B  P 
and  ADQ  bear  a  constant  ratio  to  each  other — viz.,  that  of 
A  B2  to  A  Q2;  therefore  the  moment  of  the  centrifugal  force  at  a 
constant  speed,  and  the  moment  of  load,  bear  a  constant  ratio  to 
each  other  in  all  positions  of  the  parts  of  the  governor ;  and  if 
they  are  equal  in  one  position,  they  are  equal  in  every  position; 
and  if  unequal  in  one  position,  they  are  unequal  in  every  position. 
Therefore  the  governor  is  truly  isochronous. 

To  express  algebraically  the  relations  between  the  dimensions, 
the  revolving  mass,  the  load,  and  the  speed ;  let  B  be  the  collec- 
tive weight  of  the  four  balls;  D,  the  total  load  which  is  actually 
or  virtually  applied  at  the  points  D,  D;  let  the  length  of  each 
ball-rod  A  B  =  b ;  and  let  the  length  of  each  of  the  levers  CD  =  c 
In  any  position  of  the  governor,  let  the  angle  Q  A  B  =  0,  Then, 
because  A  C  D  is  an  isosceles  triangle,  we  have  the  angle  Q  C  D 
=  20.  It  is  also  evident  that  B  P  =  b  sin  0;  A  P  =  b  cos  0; 
DR  =  c,sin2*=2c#  cos  0  sin  0, 

Let  ?i,  as  before,  be  the  number  of  revolutions  per  second. 
Then  the  centrifugal  moment  of  the  balls  relatively  to  A  is 

_     4*2n2    _>  _    ^  A       B  6*  sin  4  cos  I 

B  • •  B  P  •  P  A  =  1 : 

g  h 

and  the  statical  moment  of  the  load  relatively  to  A  is 

2  D  •  D  R  =  4  D  c  •  cos  0  sin  0; 

which  two  moments,  being  equated  to  each  other,  and  common 
iactors  struck  out,  give  the  following  equation : — 

T  =  4Dc; 
2e 
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and  therefore 

-       Bftg       BAB»  m 

A"4Dc"4D'A0J 

as  has  already  been  stated  * 

364.  Fi«ct««fi«Ba  of  iwchwiwi  CtofVMn. — When  a  truly 
isochronous  governor  is  rapid  in  its  action  on  the  regulator,  and 
meets  with  little  resistance  from  friction,  it  may  sometimes  happen 
that  the  momentum  of  the  moving  parts  carries  them  beyond  the 
position  suited  for  producing  the  proper  speed ;  so  that  a  deviation 
from  the  proper  speed  takes  place  in  the  contrary  direction  to  the 
previous  deviation,  followed  by  a  change,  in  the  contrary  direction, 
in  the  position  of  the  governor,  which  again  is  carried  too  far  by 
momentum;  and  so  on;  the  result  being  a  series  of  periodical 
fluctuations  in  the  speed  of  the  eugine.  When  this  is  found  to 
occur,  it  may  be  prevented  by  the  use  of  a  piston  working  in  an 
oil-cylinder  or  dash-pot;  which  will  take  away  the  momentum 
of  the  moving  parts,  and  cause  the  regulating  action  of  the  governor 
to  take  place  more  slowly,  without  impairing  its  accuracy. 

365.  Balanced,  or  Spring  Gorernort,  {Silver's,  Weir  8,  Hunt's, 
Sir  W.  Thomson's,  <fcc.) — In  this  class  of  governors*  often  called 
Marine  Governors,  as  being  specially  suited  for  use  on  board  ship, 
the  action  of  gravity  on  the  balls  is  either  self-balanced,  or  made,  by 
rapid  rotation,  so  small  compared  with  the  centrifugal  force  as  to 
be  unimportant.  The  centrifugal  force  is  opposed  by  springs.  To 
make  such  a  governor  isochronous,  the  springs  ought  to  be  so 
arranged  as  to  make  the  elastic  force  exerted  by  them  vary  in  the 
simple  ratio  of  the  distance  from  the  centres  of  the  balls  to  the  axis. 

In  order  that  the  action  of  gravity  on  the  balls  may  be  self- 
balanced,  if  there  are  two  balls  only,  they  must  move  in  opposite 
directions,  in  a  plane  perpendicular  to  the  axis  of  rotation :  which 
axis  may  have  any  position,  but  is  usually  horizontal.  They  might 
be  guided  by  sliding  on  rods  perpendicular  to  the  spindle;  but 
they  are  more  frequently  guided  by  combinations  of  linkwork,  dif- 
ferent forms  of  which  are  exemplified  in  Weirs  governor  and  in 
Hunt's  governor.  If  there  are  four  balls,  they  are  carried  by  a  pair 
of  arms  like  the  letter  X,  as  in  fig.  "250  (but  with  the  spiudle 
usually  horizontal  instead  of  vertical),  and  such  is  the  arrangemeut 
in  Silvers  Marine  Governor.  The  springs  in  balanced  governors 
are  seldom  fitted  up  with  a  view  to  perfect  isochronism;  but  for 
marine  engines  this  is  unimportant,  as  the  principal  object  of 
applying  governors  to  them  is  to  prevent  changes  of  speed  so  great 

*  It  has  been  pointed  out  by  Mr.  Edmnnd  Hunt  that  this  form  of  governor 
is  virtually  a  parabolic  governor;  for  the  common  centre  of  gravity  of  the 
balls  and  of  the  load  moves  in  a  parabola,  of  a  focal  distance  equal  to  half 
the  altitude  given  by  the  formula. 
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and  sudden  as  to  be  dangerous;  stich  as  those  which  tend  to  occur 
when  the  screw-propeller  of  a  vessel  pitching  in  a  heavy  sea  is 
alternately  lifted  out;  of  and  plunged  into  the  water. 

Ruk's  showing  the  relation  between  the  deflection  of  a  straight 
spring,  or  the  extension  of  a  spiral  spring,  and  the  elastic  force 
exerted  by  the  spring,  have  already  been  given  in  Article  342,  page 
386,  and  Article  345,  page  389. 

366.  i»iHi>|a(piwiM]<T«»n. — The  most  complete  example  of 
a  disengagement-governor  is  that  commonly  used  lor  water- wheels, 
and  sometimes  also  for  A 

the  steam  engine.  1 
peculiar  parts  of  this  ' 
governor  are  represent- 
ed in  fig.  2C1.  A  A  is 
part  of  the  spindle  of  a 
pair  of  revolving  pen- 
dulums simitar  to  those 
in  an  ordinary  governor; 
B,  a  cylindrical  slider, 
hung  from  the  ball-rods 
by  links  whose  lower 
ends  arc  shown  at  0,  C. 
D  is  a  tooth  or  cam 
projecting  from  the 
slider,  and  sweeping 
round  as  the  spindle  and 
pendulums  rotate.  To  make  the  slider  rotate  truly  with  the  spindle, 
the  part  of  the  spindle  on  which  it  slides  may  either  be  made 
square,  or  may  have  a  projecting  longitudinal  feather  fitting  easily 
a  groove  in  the  inside  of  the  slider. 

E  is  one  end  of  a  lever  capable  of  turning  about  a  vertical  axis 
(not  shown),  and  provided  with  a  fork  of  four  prongs,  F,  F,  G,  H. 
The  prongs  F,  F  arc  just  far  enough  apart  to  clear  the  tooth  D, 
as  it  sweeps  round,  when  the  spindle  is  turning  at  its  proper  speed, 
and  the  ball-rods  and  slider  in  their  middle  position;  and  the  lever 
E  is  then  in  its  middle  position  also.  The  prong  Q  is  below,  and 
the  prong  H  above,  the  level  of  the  prongs  F,  F;  and  when  the 
lever  is  in  its  middle  position,  the  clear  distance  of  G-  and  H  from 
the  cylindrical  surface  of  the  slider  B  is  one-half  of  the  distance  of 
F,  F  from  that  surface.  When  the  spindle  begins  to  fall  below  its 
proper  B[«ud,  the  slider  moves  downwards  until  the  tooth  D  strikes 
the  prong  G,  and  diives  the  lever  E  to  one  side.  Should  the 
spindle  begin  to  turn  faster  than  the  proper  speed,  the  slider  rises 
until  the  tooth  D  strikes  the  prong  H,  and  drives  the  lever  E  to 
the  contrary  side.  The  lever  E  acts  through  any  convenient  train. 
of  mechanism  upon  the  clutch  of  a  set  of  Teverai.'»%-%era,\i«»  ^a. 
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combination  shown  in  fig.  214,  Article  263,  page  299.  The  driving- 
shaft  of  that  combination  is  continually  driven  by  the  engine. 
When  the  lever  E  is  in  its  middle  position,  the  following  shaft  is 
disengaged  from  the  driving-shaft,  and  remains  at  rest.  When 
the  lever  £  is  shifted  to  one  side  or  to  the  other,  the  reversing-gear 
drives  that  following  shaft  in  one  direction  or  in  the  other;  and  its 
motion,  being  transmitted  by  a  suitable  train  to  the  regulator, 
corrects  the  deviation  of  speed.  So  soon  as  the  spindle  resumes 
its  proper  speed,  the  tooth  D,  by  striking  one  or  other  of  the  prongs 
F,  F,  replaces  the  lever  E  in  its  middle  position,  and  disengage* 
the  regulating  train. 

367.  In  Diflereatiai  c*rern«r»  the  regulation  of  the  prime 
mover  is  effected  by  means  of  the  difference  between  the  velocity 
of  a  wheel  driven  by  it  and  that  of  a  wheel  regulated  by  a  revolving 
pendulum.     This  class  of  governors  is  exemplified  by  fig.  262, 

representing  Siemens's  differential 
governor  as  applied  to  prime 
movers.  A  is  a  vertical  dead- 
centre  or  fixed  spindle  about 
which  the  after-mentioned  pieces 
CD'1  turn;  C  is  a  pulley  driven  by 
the  prime  mover,  and  fixed  to  a 
bevel-wheel,  which  is  seen  below 
it ;  E  is  a  bevel- wheel  similar  to 
the  first,  and  having  the  same 
apex  to  its  pitch-cone.  To  this 
wheel  are  hung  the  revolving 
masses  B,  of  which  there  are 
usually  four,  although  two  only 
are  shown.  Those  masses  form 
sectors  of  a  ring,  and  are  surrounded  by  a  cylindrical  casing, 
F.  When  the  masses  revolve  with  their  proper  velocity,  they 
are  adjusted  so  as  nearly  to  touch  this  casing;  should  they 
exceed  that  velocity,  they  fly  outwards  and  touch  the  casing, 
and  are  retarded  by  the  frictiou.  Their  centrifugal  force  may 
be  opposed  either  by  gravity  or  by  springs.  For  practical 
purposes,  their  angular  velocity  of  revolution  about  the  vertical  axis 
may  be  considered  constant.  G,  G  are  horizontal  arms  projecting 
from  a  socket  which  is  capable  of  rotation  about  A,  and  carrying 
vertical  bevel-wheels,  which  rest  on  E  and  support  C,  and  transmit 
motion  from  C  to  K  There  arc  usually  four  of  the  arms  G,  G, 
with  their  wheels,  though  two  only  are  shown.  H  is  one  of  those 
arms  which  projects,  and  has  a  rod  attached  to  its  extremity  to  act 
on  the  regulator  of  the  prime  mover,  of  what  sort  soever  it  may  be. 
When  C  rotates  with  an  angular  velocity  equal  and  contrary  to 
that  of  E  with  its  revolving  pendulums,  the  arms  G,  G  remain 
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at  rest ;  but  should  C  deviate  from  that  velocity,  those  arras  rotate 
in  one  direction  or  the  other,  as  the  case  may  be,  with  an  angular 
velocity  equal  to  one-half  of  the  difference  between  the  angular 
velocity  of  C  and  that  of  E  (see  Article  234,  page  245),  and  con- 
tinue in  motion  until  the  regulator  is  adjusted  so  that  the  prime 
mover  imparts  to  C  an  angular  velocity  exactly  equal  to  that  of 
the  revolving  masses  B,  B. 

There  are  various  modifications  of  the  differential  governor,  but 
they  all  act  on  the  same  principle. 

368.  In  Pamp-Goremors  each  stroke  of  the  prime  mover  to 
be  regulated  forces,  by  means  of  a  small  pump,  a  certain  volume  of 
oil  into  a  cylinder  fitted  with  a  plunger,  like  a  hydraulic  press. 
The  oil  is  discharged  at  an  \miform  rate  through  an  adjustable 
opening,  back  into  the  reservoir  which  supplic  8  the  pump.  When 
the  prime  mover  moves  faster  or  slower  than  it*  proper  speed,  the 
oil  is  forced  into  the  cylinder  faster  or  slower,  as  the  case  may  be, 
than  it  is  discharged,  so  as  to  raise  or  to  lower  the  plunger ;  and 
the  plunger  communicates  its  movements  to  the  regulator,  so  as  to 
correct  the  deviation  of  speed. 

The  Beilowa-Oorernor  acts  on  the  same  principle,  using  air  in- 
stead of  oil,  and  a  double  bellows  instead  of  a  pump  and  a  plunger- 
cylinder 

369.  In  FaB-Gwernw*  the  greater  or  less  resistance  of  air  or  of 
some  liquid  to  the  motion  of  a  fan  driven  by  the  prime  mover,  causes 
the  adjustment  of  the  opening  of  the  regulator. 
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CHAPTER  IV. 

OF    THE    EFFICIENCY.   AND    COUNTER-EFFICIENCT    OF    PIECES, 
COMBINATIONS,   AND  TRAINS,   IN  MECHANISM. 

370.  nr«t«re  md  Dtrinioa  «r  the  Subject. — The  terms  Efficiency 
and  Counter-efficiency  have  already  been  explained  in  Article  335, 
page  377 ;  and  the  laws  of  friction,  the  most  important  of  the 
wasteful  resistances  which  cause  the  efficiency  of  a  machine  to 
be  less  than  unity,  have  been  stated  in  Articles  309  to  311,  pages 
348  to  354.  In  the  present  Chapter  are  to  be  set  forth  the  effects 
of  wasteful  resistance,  and  especially  of  friction,  on  the  efficiency 
and  counter-efficiency  of  single  pieces,  and  of  combinations  and  trains 
of  pieces,  in  Mechanism.  In  practical  calculations  the  counter- 
efficiency  is  in  general  the  quantity  best  adapted  for  use;  because 
the  useful  work  to  be  done  in  an  unit  of  time,  or  effective  power,  is 
in  general  given;  and  from  that  quantity,  by  multiplying  it  by  the 
counter-efficiency  of  the  machine— that  is,  by  the  continued  product 
of  the  counter-efficiencies  of  all  the  successive  pieces  and  combina- 
tions by  means  of  which  motion  is  communicated  from  the  driving- 
point  to  the  useful  working-point — is  to  be  deduced  the  value  of  the 
expenditure  of  energy  iu  an  unit  of  time,  or  total  power,  required 
to  drive  the  machine.  In  symbols,  let  U  be  the  useful  work  to  be 
done  per  second;  c,  c1,  c",  <fec,  the  couuter-efficiencies  of  the  several 
parts  of  the  train;  T,  the  total  energy  to  be  expended  per  second; 
then 

T  =  cc'c"»fcc....tr (1.) 

When  the  mean  effort  required  at  the  driving-point  can  con- 
veniently be  computed  by  reducing  each  resistance  to  the  driving- 
point,  and  adding  together  the  reduced  resistances  (as  in  Article 
324,  page  369,  and  Article  338,  page  379),  the  ratio  in  which  the 
actual  effort  required  at  the  driving-point  is  greater  than  what  the 
required  effort  would  be,  in  the  absence  of  wasteful  resistance,  is 
expressed  by  the  continued  product  of  the  counter-efficiencies  of 
the  parts  of  the  train,  as  follows :  let  P0  be  the  effort  required,  in 
the  absence  of  wasteful  resistance;  P,  the  actual  effort  required; 
then 

P  =  c-c  -c"-&c....P0;  (2.) 

and  in  determining  the  efficiency  or  the  counter-efficiency  of  a 
single  piece,  the  most  convenient  method  of  proceeding  often  con- 
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sists  in  comparing  together  the  efforts  required  to  drive  that  piece, 
with  and  without  friction,  and  thus  finding  the  ratios 

P  P 

~  =  efficiency;    ~-  =  counter-efficiency. (3.) 

"  ±o 

In  the  ensuing  sections  of  this  Chapter,  the  efficiency  of  single 
primary  pieces  is  first  treated  of,  and  then  that  of  the  various 
modes  of  connection  employed  in  elementary  combinations. 

Section  I. — Efficiency  and  Courtier-efficiency  of  Primary  Pieces, 


371.   Efflciency  of  Primary  JPfecca  la  General* — A  primary  piece 

in  mechanism,  moving  with  an  uniform  velocity,  is  balanced  under 
the  action  of  four  forces,  viz.  : — 

I.  The  re-action  of  the  piece  which  it  drives :  this  may  be  called 
the  Useful  Resistance,  and  denoted  by  R; 

II.  The  weight  of  the  piece  itself:  this  may  be  denoted  by  "W. 

III.  The  effort  by  which  the  piece  is  driven:  this  may  be 
denoted  by  P;  and  its  values  with  and  without  friction  by  P0  and 
Px  respectively. 

IV.  The  resultant  pressure  at  the  bearings,  or  bearing-pressure, 
which  may  be  denoted  by  Q ;  and  which  of  course  is  equal  and 
directly  opposed  to  the  resultant  of  the  first  three  forces. 

In  the  absence  of  friction,  the  bearing-pressure  would  be  normal 
to  the  bearing-surface.  The  effect  of  friction  is,  that  the  line  of 
action  of  the  bearing-pressure  becomes  oblique  to  the  bearing- 
surface,  making  with  the  normal  to  that  surface  the  angle  of 
repose  (0),  whose  tangent  (/  =  tan  d)  is  the  co-efficient  of  friction 
(see  Article  309,  page  349);  and  the  amount  of  the  friction  is 
expressed  by  Q  sin  #,  or  very  nearly  by  fQ,  when  the  co-efficient 
of  friction  is  small. 

In  the  class  of  problems  to  which  this  Chapter  relates,  the  first 
two  forces — that  is,  the  useful  resistance  R,  and  the  weight  "W — 
are  given  in  magnitude,  position,  and  direction ;  and  in  most  cases 
it  is  convenient  to  find  their  resultant,  in  magnitude,  position,  and 
direction,  by  the  rules  of  statics:  that  is  to  say,  if  the  line  of 
action  of  R  is  vertical,  by  Rule  I.  of  Article  280,  page  322 ;  and  if 
inclined,  by  the  Rules  given  or  referred  to  in  Article  278,  page 
319.  In  what  follows,  the  resultant  of  the  useful  resistance  and 
weight  will  be  called  the  given  force,  and  denoted  by  R'. 

The  third  force — that  is,  the  effort  required  in  order  to  drive 
the  piece  at  an  uniform  speed — is  given  in  position  and  direction; 
for  its  line  of  action  is  the  line  of  connection  of  the  pieee  under 
consideration  with  the  piece  that  drives  it  The  magnitude  of  the 
effort  is  one  of  the  quantities  to  be  found. 

The  fourth  force — that  is,  the  liuniii^  ^iijumm    Iwn  ^n^mi  Vrm^ 
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in  position,   direction,   and   magnitude.     The  general   principle* 
accordiug  to  which  it  is  determined  are  the  following: — 

First,  That  if  the  lines  of  action  of  the  given  force  and  the  effort 
are  parallel  to  each  other,  the  line  of  action  of  the  resultant 
bearing-pressure  must  be  parallel  to  them  both;  and  that  if  they 
are  inclined  to  each  other,  the  line  of  action  of  the  resultant 
bearing-pressure  must  traverse  their  point  of  intersection. 

Secondly,  That  at  the  centre  of  pressure,  where  the  line  of  action 
of  the  resultant  bearing-pressure  cuts  the  bearing-surfaces,  it  makes 
an  angle  with  the  common  uormal  of  those  surfaces  equal  to  their 
angle  of  repose,  and  in  such  a  direction  that  its  tangential 
component  (being  the  friction)  is  directly  opposed  to  the  relative 
sliding  motion  of  that  pair  of  surfaces  over  each  other. 

Thirdly,  That  the  given  force,  the  effort,  and  the  bearing- 
pressure,  form  a  system  of  three  forces  that  balance  each  other; 
and  are  therefore  proportional  to  the  three  sides  of  a  triangle 
parallel  res[>ectively  to  their  directions. 

371  a.  t'oariitioBs  Amncd  to  be  FaiMied. — In  all  the  problems 
treated  of  in  this  section,  the  following  conditions  are  assumed  to 
be  fulfilled: — First,  that  except  when  otherwise  specified,  the 
forces  other  than  bearing-pressures  which  are  applied  to  the  piece 
under  consideration — that  is,  the  useful  resistance,  the  weight,  and 
the  effort — act  either  in  parallel  directions,  or  exactly  or  nearly  in 
one  plane,  parallel  to  the  planes  of  motion  of  the  particles  of  the 
piece;  secondly,  that  the  acting  parts  of  the  piece  do  not  overluang 
the  bearings;  and  thirdly,  that  the  bearing-surfaces  fit  each  other 
easily  without  any  grasping  or  pinching.  As  to  the  object  of  the 
fulfilment  of  such  conditions,  and  the  effects  of  departure  from 
them,  the  following  explanations  have  to  be  made : — 

I.  The  bearing-surface  of  many  primary  pieces,  and  especially  of 
rotating  pieces,  is  in  general  divided  into  two  parts;  for  example, 
an  axle  is  very  often  supported  by  two  journals.  If  the  forces 
other  than  bearing-pressures  which  are  applied  to  the  moving  piece, 
are  parallel  to  each  other,  the  parts  of  the  bearing-pressure  will  also 
be  parallel  to  them  and  to  each  other;  and  the  sum  of  the  frictional 
resistances  due  to  the  two  parts  of  the  bearing-pressure  will  be 
simply  equal  to  the  frictional  resistance  due  to  the  whole  bearing- 
pressure  treated  as  one  force.  The  same  will  be  the  case  when 
the  forces  other  than  bearing-pressures  act  in  one  plane,  parallel 
to  the  planes  of  motion  of  the  particles  of  the  piece ;  and  will  be 
nearly  the  case  when,  although  those  forces  act  in  different  planes, 
the  transverse  distance  between  their  planes  of  action  is  small 
compared  with  the  distance  between  the  planes  of  action  of  the 
two  components  into  which  the  bearing-pressure  is  divided. 

But  when  that  condition  is  not  fulfilled,  the  friction  at  the 
bearings,  being  proportional  to  the  sum  of  the  two  components 


EFFICIENCY  OF  MECHANISM.  425 

into  which  the  bearing-pressure  is  divided,  will  be  greater  than 
the  friction  due  simply  to  the  resultant  bearing-pressure  considered 
as  one  force;  and  the  efficiency  of  the  piece  will  be  diminished. 

II.  The  effect  upon  the  friction,  and  upon  the  work  lost  in 
overcoming  it,  produced  when  the  acting  parts  of  a  moving  piece 
overhang  its  bearings,  may  be  approximately  calculated  and  allowed 
for  in  the  following  manner: — 

Suppose  that  the  bearing-surface  of  a  primary  piece,  whether 
sliding  or  turning,  is  divided  into  two  parts;  and  that  the  trans- 
verse distauce  between  the  centres  of  those  two  ]>arts — that  is,  the 
distance  in  a  direction  perpendicular  to  the  planes  of  motion  of 
the  particles  of  the  piece — is  denoted  by  c.  Let  the  plane  of  action 
of  the  forces  other  than  bearing-pressures  be  situated  outside  the 
space  between  the  two  parts  of  the  bearing-surface,  and  at  the 
transverse  distance  z  from  the  centre  of  the  nearer  of  those  parts ; 
and  consequently  at  the  distance  z  +  c  from  the  centre  of  the* 
further  of  them.  Let  Q  be  the  resultant  bearing-pressure.  The 
two  components  of  that  resultant  pressure,  exerted  at  the  two 
parts  of  the  bearing-surface,  will  be  contrary  to  each  other  in 
direction ;  and  their  values  will  be  respectively, 


at  the  nearer  part, 
and  at  the  further  part, 


c 
-  Q* 


c       > 


The  total  friction  will  be  the  sum  of  two  components  exerted  at 
the  two  parts  of  the  bearing- surface  respectively,  and  will  be  pro- 
portional to  the  arithmetical  sum  of  the  two  components  of  the 
bearing-pressure ;  that  is,  to  the  force 


whereas,  if  the  plane  of  action  of  the  resultant  of  the  given  force 
and  the  effort  had  not  overhung  the  bearings,  the  friction  would 
have  been  simply  proportional  to  Q.  Hence  the  effect  of  that 
plane's  overhanging  the  bearings  by  the  distance  z,  is  to  increase 
the  friction  approximately  in  the  ratio  of 

2* 

1  +  —  :  1. 
c 

III.  As  to  the  condition  that  the  bearing-surfaces  should  fit 
each  other  easily,  it  is  necessary  in  order  that  the  bearing- pressure 
may  not  contain,  to  any  appreciable  extent,  pairs  of  components 
which  balance  each  other,  being  transverse  to  the  durc&vwx  <&  *0fcfc 
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resultant  bearing-pressure;  for  such  components  cause  an  un- 
necessary addition  to  the  friction.  The  ratio  in  which  the  friction 
of  a  tight-fitting  bearing  exceeds  that  of  an  easy-fitting  bearing  of 
the  same  dimensions  and  figure,  is  very  nearly  equal  to  that  in 
which  the  whole  area  of  the  bearing-surface  exceeds  the  area  of 
the  projection  of  that  surface  on  a  piano  normal  to  the  direction  of 
the  resultant  bearing-pressure. 

When  the  use  of  bearing-surfaces  in  pairs,  oblique  to  the  plane 
of  the  pressure  and  motion,  is  unavoidable  (as,  for  example,  in  the 
case  of  the  Y-shaped  bearings  of  a  planing  machine),  their  effect 
may  be  allowed  for  by  increasing  the  co-efficient  of  friction  in  the 
ratio  above-mentioned;  which  is  expressed  by  the  secant  of  the 
equal  angles  which  the  normals  to  the  bearing-surfaces  make  with 
that  plane. 

372.   BOeleacr  of  a  Smlght-«IMI»c  Place. — In  fig.  263,  let  A  A 

be  a  straight  guiding-surface,  upon  which  there  slides,  in  the  direc- 


Fig.  2G3. 

tion  marked  by  the  feathered  arrow,  the  moving  piece  B.  Let 
C  D  represent  the  given  farce,  being  the  resultant  of  the  useful 
resistance  and  of  the  weight  of  the  piece  B.  (The  figure  shows 
the  motion  of  B  as  horizontal;  but  it  may  be  in  any  direction.) 
Let  C  J  be  the  line  of  action  of  the  effort  by  which  the  piece  B  is 
driven. 

Draw  CN  perpendicular  to  A  A;  and  CF  making  the  angle 
N  C  F  =  the  angle  of  repose.  Through  D,  parallel  to  C  J,  draw 
the  straight  line  DHQ,  cutting  C N  in  H,  and  0 F  in  Q ;  and 
through  H  and  Q,  and  parallel  to  DC,  draw  H  Kq and  QK,, 
cutting  C  J  in  K0  and  K1  respectively.  Produce  H  0  to  IF,  and 
Q  C  to  (?,  making  C  ff  =  H  C,  and  C  Q*  =  Q  C. 
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Then,  in  the  absence  of  friction,  0  H'  will  represent  the  resultant, 
bearing-pressure  exerted  upon  B  by  A  A;  and  CE«=DH  will, 
represent  the  force  in  the  given  direction  0  J  required  to  drive  fi- 
at an  uniform  speed;  and  when  friction  is  taken  into  account,  0  Q* 
will  represent  the  resultant  bearing-pressure,  and  C  Kx  the  actual 
driving  force  required;  and  we  shall  have 

the  efficiency  =  ^r-^0;  and  the  counter-efficiency  =  n     *. 

If  from  D,  K0,  and  Kx  there  be  let  fall  upon  A  A  the  perpen- 
diculars DR,  K0  P0,  aud  Kx  Px,  0  R  will  represent  the  direct 
resistance  to  the  advance  of  B;  CP0,  the  direct  effort  in  the 
absence  of  friction ;  and  C  Px,  the  direct  effort  taking  friction  into 
account;  so  that  the  distance  P0^i  w^  represent  the  friction 
itself;  which  is  also  represented  by  Q  N  perpendicular  to  C  N. 

To  express  these  results  by  symbols,  let  C  D  =  R'  (the  given 
force) ;  let  the  acute  angle  A  0  D  be  denoted  by  «,  and  the  acute 
angle  A  C  J  by  £ ;  and  let  $  denote  the  angle  of  repose  NCQ. 

Then,  in  the  triangle  C  D  H,  we  have  zDCH  =  r~«,  and 
C  H  D  =  ^  —  fi;  and  in  the  triangle  C  Q  D,  we  have  ^  D  C  Q 
=  ^7  —  «  +  0,  and  ^CQD=„  —  fi  —  0;  consequently 

DH  =  R'^;DQ  =  R-CW('-A 

COS  & '         ^  COS  (/8  +  0) ' 

whence  it  follows  that  the  efficiency  and  counter-efficiency  are 
given  by  the  following  equations : — 

T^ffin^^r      Po     DH:       cos  «  •  cm  (fl  +  *)  _  1  — /  tan  g  ,  t  x 
Efficiency=pQ=^  =  ^^.cog(<t_^)==1+/ta|n<t(L) 

Counter-efficiency  =  =*  ==  ~  — ^   (2.) 

It  is  to  be  remarked,  that  the  efficiency  diminishes  to  nothing 
when  cotan  £  =/;  that  is  to  say,  when  &  is  the  complement  of  the 
angle  of  repose,  $.  In  other  words,  if  the  oblique  effort  is  applied 
in  the  direction  C  Q,  no  force,  how  great  soever,  will  be  sufficient 
to  keep  the  piece  B  in  motion. 

373.  BStateMcj tfo Ail* — In  fig.  264,  let  the  circle  AAA 
represent  the  trace  of  the  bearing-sormce  of  an  axle  on  a  plana 
perpendicular  to  its  axis  of  rotation,  O — in  other  words,  the  trans- 
verse section  of  that  surface.  Let  the  arrow  near  the  letter  W 
represent  the  direction  of  rotation.    Let  0  D  be  the  gpraoL  fam>\ 
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that  is,  as  before,  the  resultant  of  the  weight  of  the  whole  piece 
that  rotates  with  the  axle,  and  of  the  useful  resistance  or  re-action 
exerted  on  that  piece  by  the  piece  which  it  drives;  C  J,  the  line  of 
action  of  the  effort  by  which  the  rotating  piece  is  driven. 


IV-  -- 


Fig:  264. 

In  toothed  wheel -work  the  lines  of  action  of  the  useful  resist- 
ance and  of  the  effort  may  be  taken  as  coinciding  with  the  lines  of 
connection  of  the  rotating  piece  with  its  follower  and  with  its 
driver  respectively.  In  pulleys  connected  with  each  other  by 
bands,  special  principles  have  to  be  attended  to,  which  will  be 
explained  in  the  ensuing  Article. 

Let  r  denote  the  radius  of  the  bearing-surface. 

About  O  describe  the  small  circle  B  B,  with  a  radius  =r 
sin  0  =/V,  very  nearly.  Draw  the  line  of  action,  C  T  Q,  of  the 
resultant  bearing-pressure,  touching  the  small  circle  at  that  side 
which  will  make  the  bearing-pressure  resist  the  rotation.  In  the 
case  in  which  C  D  and  C  J  intersect  each  other  in  a  point,  C,  as 
shown  in  the  figure,  CTQ  will  traverse  that  point  also;  and  in 
the  case  in  which  the  lines  of  action  of  the  given  force  and  the 
effort  are  parallel  to  each  other,  CTQ  will  be  parallel  to  both. 
The  centre  of  bearing-pressure  is  at  Q ;  and  0  Q  T  =  0,  the  angle 
of  repose. 

In  the  former  case  the  efficiency  may  be  found  by  parallelo- 
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grams  of  forces,  as  follows: — Draw  the  straight  line  CON;  this 
would  be  the  line  of  action  of  the  resultant  bearing-pressure  in  the 
absence  of  friction,  and  N  would  be  the  centre  of  bearing-pressure. 
Through  D,  parallel  to  C  J,  draw  D  H  E,  cutting  CON  in  H, 
and  C  T  Q  in  E.  Through  H  and  E,  parallel  to  D  C,  draw  H  P0 
and  E  Pr  Then,  in  the  absence  of  friction,  H  C  would  represent 
the  bearing-pressure,  and  C  P0  =  D  H  the  effort;  the  actual  War- 
ing- pressure  is  represented  by  E  C,  and  the  actual  effort  by  C  Vx  = 
D  E.     Hence  the  efficiency  and  counter-efficiency  are  as  follows : — 


Po_DH 


P_i_ 


DE 


(1.) 


DE'Pj'DH' 

Another  method,  applicable  whether  the  forces  are  iucliued  or 
parallel,  is  as  follows : — From  the  axis  of  rotation  O,  let  fall  O  Lq 
and  O  M0  perpendicular  respectively  to  the  lines  of  action  of  the 
given  force  and  of  the  effort.  Then,  by  the  balance  of  moments, 
the  effort  in  the  absence  of  friction  is 

From  a  convenient  point  in  the  actual  line  of  action,  C  Q,  of 
the  bearing-pressure  (such,  for  example,  as  T,  where  it  touches  the 
small  circle  B  £),  let  fall  T  Lx  and  T  M1  perpendicular  respec- 
tively to  the  same  pair  of  lines  of  action;  then  the  actual  effort 
will  be 

P    —  P'  •  T  Ll 

ri-n  tm; 

Hence  the  efficiency  and  the  counter-efficiency  have  the  following 
value  :— 

P0  _  O  L0  •  T  Mt    ' 

Px  ~~  O  M0  •  T  L/ 
T,  _  O^V  TLt 

p0  -  o  l0  •  t  m;  J 

The  same  results  are  expressed,  to  a  degree  of  approximation 
sufficient  for  practical  purposes,  by  the  following  trigonometrical 
formulas :— Let O  L0  =  / ;  O  M0  =  m;  ^ C  0 1^  =  «;  ^ C  O  M0 
=  /3.     Then  we  have,  very  nearly, 


(2.) 


P0  _  I     m  -fr  sin/8 
Px  ~~  t n  '  I  -jr/r  sin  « 


1  —  - —  *  si  n  £ 
m 

i  _i_/r      • 

1  +  -r  '  sin  « 


(3.) 
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In  making  use  of  the  preceding  formula,  it  is  to  be  observed 
that  the  contrary  algebraical  signs  of  sin  *  and  sin  fi  apply  to  those 
cases  in  which  the  two  angles  *  and  3  lie  at  contrary  sides  of  O  C 
In  the  cases  in  which  those  angles  lie  at  the  same  side  of  O  C,  their 
algebraical  signs  are  the  same;  and  in  the  formula  they  are  to  be 
made  both  positive  or  both  negative,  according  as  /3  is  less  or  greater 
than  a  ;  so  that  the  efficiency  may  be  always  expressed  by  a  frac- 
tion less  than  unity.     That  is  to  say, 

l-^sin* 

h^-5?;-t^7t-5 (3a-} 

1  1  -    -j-  8m  « 

"'^■^-TTTFT- (3a) 

1       1  +  -j-  sin  « 

When  the  lines  of  action  intersect,  let  O  C  be  denoted  by  e; 
then  I  —  c  cos  «,  and  m  =  c  cos  3 ;  and  consequently  the  three 
preceding  equations  take  the  following  form : — 

fr 
p        1-^tan* 

fl  and  a  of  contrary  signs;  ^  = ^ ; (4.) 

*i       i  +  /_Ttan« 
c 

/3  and  a  of  the  same  sign ; 

fr 

1  -  •/—  tan  3 

ri       i  _  -LT  tan- 
c 

*  ^  «;  f«  = < (4  a) 

**      l+-^tan« 
c 

When  the  lines  of  action  of  the  forces  are  parallel,  we  have  sin  3 
and  sin  «  =  +  1  or  —  1,  as  the  case  may  be;  and  the  formulm 
take  the  following  shape : — 

When  I  and  m  lie  at  contrary  sides  of  O,  the  piece  is  a  "lever 
of  the  first  kind ; "  and 

1°  =  — £ (5.) 
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When  J  and  m  He  at  the  nme  side  of  O; 

Iftn^l,  the  piece  is  a  "  lever  of  the  second  kind;*1  and 

Si-r-2 (8i> 

Ifm^(  the  piece  is  a  "  lever  of  the  third  kind ;"  and 

(As  to  levers  of  the  first,  second,  and  third  kinds,  see  Article 
221,  page  233.) 

The  following  method  is  applicable,  whether  the  forces  are  inclined 
or  parallel;  in  the  former  case  it  is  approximate,  in  the  latter 
exact  Through  O,  perpendicular  to  OC,  draw  XJ  O  V,  cutting 
the  lines  of  action  of  the  given  force  and  of  the  effort  in  U  and  v 
rcsj actively.  The  point  where  this  transverse  line  cuts  the  small 
circle  £  B  coincides  exactly  with  T  when  the  forces  are  parallel, 
and  is  very  near  T  when  they  are  inclined;  and  in  either  case  the 
letter  T  will  be  used  to  denote  that  point.     Then 

P0_OU.TY 

Px  ~"  O  V    T  U V    ' 

It  is  evident  that  with  a  given  radius  and  a  given  co-efficient  of 
friction,  the  efficiency  of  an  axle  is  the  greater  the  more  nearly 
the  effort  and  the  given  force  are  brought  into  direct  opposition  to 
each  other,  and  also  the  more  distant  their  lines  of  action  are  from 
the  axis  of  rotation. 

374.  Axles  or  Palters  connected  hy  Bm4* — When  the  rotating 
piece  which  turns  with  an  axle  consists  of  a  pair  of  pulleys,  one 
receiving  motion  from  a  driving  pulley,  and  the  other  communi- 
cating motion  to  a  following  pulley,  reg.ird  must  be  had  to  the  fact 
that  the  useful  resistance  and  the  driving  effort  are  each  of  them 
the  difference  of  a  pair  of  tensions;  and  that  it  is  upon  the  resultant 
of  each  of  those  pairs  of  tensions  (being  their  sum,  if  they  act  parallel 
to  each  other)  that  the  axle-friction  depends, 

The  principles  according  to  which  the  tensions  required  at  the 
two  sides  of  a  band  for  transmitting  a  given  effort  are  determined, 
have  been  stated  in  Article  310  a,  pages  351,  352. 

The  belt  which  drives  the  first  pulley  may  lie  called  the  driving 
belt;  that  which  is  driven  by  the  second  pulley,  \ta&  jqUanomu}  VmIU 
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The  tensions  on  the  two  sides  of  the  following  belt  are  given ;  and 
the  moment  of  the  useful  resistance  is  that  of  their  difference, 
acting  with  a  leverage  equal  to  the  effective  radius  of  the  second 
pulley.  Let  p  be  that  radius;  T\  and  T2  the  two  tensions;  then 
the  moment  of  the  useful  resistance  is 

pR=/>(Tx-Ts). 

For  the  actual  useful  resistance  there  is  to  be  substituted  a  force 
equal  to  the  resultant  of  T2  and  T2,  and  exerting  the  same  moment 
That  is  to  say,  let  y  denote  the  angle  which  the  two  sides  of  tbe 
band  make  with  each  other;  then  for  the  actual  useful  resistance 
is  to  be  substituted  a  force, 

R"=  J  {T/  +  T,  +  2T1T2coey}, (1.) 

acting  at  the  following  perpendicular  distance  from  the  axis  of 
rotation : — 


^JTi-T,) ^ 


And  this  is  to  be  compounded  with  the  weight  of  the  rotating 
piece,  to  find  the  given  force  R'  of  the  rules  in  the  preceding 
Article,  whose  perpendicular  distance  from  the  axis  will  be 


I  =  *%^ (3.) 


The  value  of  h  may  be  expressed  in  terms  of  the  ratio  of  the 
tcusious  to  each  other,  and  independently  of  their  absolute  values, 

T 

as  follows : — Let  N  =  ^l  be  the  ratio  of  the  two  tensions  found 

by  the  rules  of  Article  310  a,  page  351.     Then 

y(N-l) 

~  7{N*  +U2Ncosy}  l    ' 

In  like  manner,  for  the  actual  line  of  action  of  the  effort  by 
which  the  first  pulley  is  driven  is  to  be  substituted  the  line  of 
action  of  a  force  exerting  the  same  moment,  and  equal  to  the 
resultant  of  the  tensions  of  the  two  sides  of  the  driving-band. 
The  perpendicular  distance  in  of  this  line  of  action  from  the  axis 
of  rotation  is  given  by  the  following  formula: — Let  ;/  be  the 
effective  radius  of  the  pulley ;  N',  the  ratio  of  the  greater  to  the 
lesser  tension ;  y' ,  the  angle  which  the  two  sides  of  the  band  make 
with  each  other;  then 

p'W—  1)  ,,v 

m~,J{N'*+  1  +  2  N'  cosy'} P'} 

There  are  many  cases  in  practice  in  which  the  two  sides  of  each 
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of  the  bands  may  be  treated  as  sensibly  parallel;  and  then  we 
have  simply, 

And  if,  moreover,  as  frequently  happens,  the  weight  of  the  pulleys 
and  axle  is  small  compared  with  the  tensions,  we  may  neglect  it, 
and  make  R'  =  R"  and  l=.ky  preparatory  to  applying  the  rules 
of  the  preceding  Article  to  the  determination  of  the  efficiency. 

375.  Efficiency  of  a  Screw.— The  efficiency  of  a  screw  acting  as  a 
primary  piece  is  nearly  the  same  with  that  of  a  block  sliding  on  a 
straight  guide,  which  represents  the  development  of  a  helix  situated 
midway  between  the  outer  and  inner  edges  of  the  screw-thread ; 
the  block  being  acted  upon  by  forces  making  the  same  angles  with 
the  straight  guide  that  the  actual  forces  do  with  that  helix.  As  to 
the  development  of  a  heiix,  see  Article  63,  page  40;  and  as  to  the 
efficiency  of  a  piece  sliding  along  a  straight  guide,  see  Article  372, 
page  426. 

376.  Efficiency  of  Long  Lines  of  Horizontal  Shafting.— In  a  line 
of  horizontal  shafting  for  transmitting  motive  power  to  long 
distances  in  a  mill,  a  great  part  of  the  waste*!  work  is  spent  in 
overcoming  the  friction  produced  simply  by  the  weight  of  the 
shaft  resting  on  its  bearings;  and  the  efficiency  and  counter- 
efficiency  as  affected  by  this  cause  of  loss  of  power  can  be  con- 
sidered and  calculated  separately. 

For  reasons  connected  with  the  principles  of  the  strength  of 
materials,  to  be  explained  further  on,  the  cube  of  tlie  diameter  of  a 
shaft  of  uniform  diameter  must  be  made  to  bear  a  certain  propor- 
tion to  the  driving  moment  exerted  upon  it  to  keep  up  its  rotation. 
That  is  to  say,  let  M1  denote  that  moment;  /*,  the  diameter  of  the 
shaft;  then 

Mx  =  A/i3;  (1.) 

A  being  a  co-efficient  whose  values  in  practice  range,  according 
to  circumstances  to  be  explained  in  the  Third  Part  of  this  treatise, 

for  forces  in  lbs.  and  dimensions  in  inches,  from  300  to  1,800; 

and  for  forces  in  kilogrammes  and  dimensions  in  millimetres, 

from  0-21  to  1-26. 

Let  to  denote  the  heaviness  of  iron;  f,  the  co-efficient  of  friction; 
then  the  weight  of  an  unit  of  length  of  the  shaft  is 

2f 
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the  friction  per  unit  of  length  is,  very  nearly, 

and  the  moment  of  friction  per  unit  of  length  is 

Z-fw  A*  =  -3927  fw  h*  nearly, 
o 


(2.) 


Let  L  be  the  length  of  a  shaft  of  uniform  diameter,  such  that  the 
whole  driving  moment  is  exhausted  in  overcoming  its  own  friction. 
This  may  be  called  the  exhaustive  length.     Then  we  must  have 

M1  =  Ay=  -3927/i0 /*8  L;  and  therefore 

A  (3.) 


L  = 


•3927./V 


10 


For  lengths  in  feet,  and  diameter  in  inches,  we  have  to  =  -5- ;  being 

the  weight  in  pounds  of  a  rod  of  iron  a  foot  long  and  an  inch 
square.  For  lengths  in  metres,  and  diameters  in  millimetres,  we 
have  w  =  -0077  nearly;  being  the  weight  of  a  rod  of  iron  one 
metre  long  and  one  millimetre  square.  Let/ =  0*051;  then  tho 
following  are  the  values  of  the  exhaustive  length  L  corresponding 
to  different  values  of  A: — 

A,  British  measures,  300  600  1,200  1,800 

„    French,  0*21  0*42  0*84  1*26 

L,  feet  4,500  9,000  18,000  27,000 

„  metres  1,365  2,730  5,460  8,190 

It  is  obvious  that  the  efficiency  of  a  length,  I,  of  shading  of 
uniform  diameter  is  given  by  the  expression 


(4). 


Mo_i_i. 

Mi""  L' 

M0  being  the  driving  moment  in  the  absence  of  friction ;  Mv  the 

actual  driving  moment;  and  T ,  the  fraction  of  that  moment  ex- 

pended  on  friction ;  also,  that  the  counter-efficiency  is 

Mt_      L_ 


M, 


L  -  I 


(5.) 


'When,  besides  its  own  weight,  the  shaft  is  loaded  with  the  weights 
of  pulleys  and  tensions  of  belts,  the  effect  of  such  additional  load 
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may  be  allowed  for,  with  a  degree  of  accuracy  sufficient  for  practical 
purposes,  in  the  following  manner: — Find  the  magnitude  of  the 
resultant  of  the  weight  of  the  shaft  and  additional  load;  and  let  nt 
be  the  ratio  which  it  bears  to  the  weight  of  the  shaft.  Then  the 
modified  value  of  the  exhaustive  length  is  to  be  found  by  putting 
m  to  instead  of  w  in  the  denominator  of  the  expression  (3.) :  that  is 
to  say 

Lsss-S927/m«  (6,) 

The  waste  of  work  in  a  long  line  of  shafting  may  be  diminished, 
and  the  efficiency  increased,  by  causing  it  to  taper,  so  that  the  cube 
of  the  diameter  shall  at  each  cross-section  be  proportional  to  the 
moment  exerted  there.  The  most  perfect  way  of  fulfilling  that 
condition  is  to  make  the  diameter  diminish  continuously  in  geo- 
metrical progression;  the  generating  line  or  longitudinal  section 
of  the  shaft  being  a  logarithmic  curve.  Let  h  be  the  diameter  at 
the  driving  end,  x  the  distance  of  a  given  cross-section  from  that 
end,  and  y  the  diameter  at  that  cross-section ;  then 


y  =  he 


SL 


.(7.) 


in  which  e     "*  is  the  reciprocal  of  the  natural  number,  or  anti- 
logarithm,  corresponding  to  the  hyperbolic  logarithm  ^-r ,  and  to 

Let  /  be  the  total  length  of  such 


*i  i        -a     0-4343* 

the  common  logarithm  — =-j — . 

a  tapering  shaft,  and  M0  the  useful  working  moment  exerted  at 
its  smaller  end ;  then  we  have 

M  —I 

u^6     > 


Efficiency, 

M  - 

Counter-efficiency,  -^  =  e  L. 


M, 


(8.) 


This  cannot  be  perfectly  realized  in  practice;  but  it  can  be 
approximated  to  by  making  the  shaft  consist  of  a  series  of  lengths, 
or  divisions,  each  of  uniform  diameter,  and  increasing  in  diameter 
step  by  step. 

Let  -  now  denote  the  length  of  one  of  those  divisions;  the 


n 


number  of   divisions  being   n.     The  counter-efficiency  of   each 
division  is  expressed  by 

JLi 


L-b 


(9.) 
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and  consequently,  the  counter-efficiency  of  the  whole  shaft  is, 


M.-JL--   j 


L 

(10.) 


The  diameters  of  the  lengths  of  shafting,  beginning  at  the  driving 
end,  form  a  diminishing  geometrical  progression,  of  which  tbe 
common  ratio  is 


{1"»-l} <"•> 


Section  II. — Efficiency  and  Counter-efficiency  of  Modes  of 

Connection  in  Mechanism. 


377.  Efficiency  of  Hodco  of  Connection  la  General. — In  an  ele- 
mentary combination  consisting  of  two  pieces,  a  driver  and  a 
follower,  there  is  always  some  work  lost  in  overcoming  wasteful 
resistance  occasioned  by  the  mode  of  connection ;  the  result  being 
that  the  work  done  by  the  driver  at  its  working-point  is  greater 
than  the  work  done  upon  the  follower  at  its  driving-point,  in  a 
proportion  which  is  tfie  counter-efficiency  oftlie  connection;  and  the 
reciprocal  of  that  proportion  is  the  efficiency  of  Hie  connection.  In 
calculating  the  efficiency  or  the  counter-efficiency  of  a  train  of 
mechanism,  therefore,  the  factors  to  be  multiplied  together  comprise 
not  only  the  efficiencies,  or  the  counter-efficiencies,  of  the  several 
primary  pieces  considered  separately,  but  also  those  of  the  several 
modes  of  connection  by  which  they  communicate  motion  to  each 
other. 

378.  Efliciencr  of  Rolling  Contact. — The  work  lost  when  one 
primary  piece  drives  another  by  rolling  coutact  is  expended  in 
overcoming  the  rolling  resistance  of  the  pitch-surfaces,  a  kind  of 
resistance  whose  mode  of  action  has  been  explained  in  Article  311, 
page  353 ;  and  the  value  of  that  work  in  units  of  work  per  second 
is  given  by  the  expression  a  b  N;  in  which  N  is  the  normal  pressure 
exerted  by  the  pitch-surfaces  on  each  other;  6,  a  constant  arm,  of  a 
length  depending  on  the  nature  of  the  surfaces  (for  example,  0*002 
of  a  foot  =  0*6  millimetre  for  cast  iron  on  cast  iron,  see  page  354); 
and  a,  the  relative  angular  velocity  of  the  surfaces. 

The  useful  work  per  second  is  expressed  by  u  /"N,  in  which  /is 
the  co-efficient  of  friction  of  the  surfaces,  and  u  the  common  velocity 
of  the  pitch-lines.     Hence  the  counter-efficiency  is 

•  =  i  +  ^ (i.) 
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Let  p1  and  p2  be  the  lengths  of  two  perpendiculars  let  fall  from 
the  two  axes  of  rotation  on  the  common  tangent  of  the  two  pitch- 
lines;  if  the  pieces  are  circular  wheels,  those  perpendiculars  will 
be  the  radii     Then  the  absolute  angular  velocities  of  the  pieces 

u                it 
are  respectively  —  and ;  and  their  relative  angular  velocity  is 

Pi  P% 

therefore 


a  =  u  (~  +  —); 


Pi      P* 

which  value  being  substituted  in  equation  (1),  gives  for  the  counter* 
efficiency  the  following  value : — 


c  =  1  + 


(2.) 


It  is  assumed  that  the  normal  pressure  is  not  greater  than  is 
necessary  in  order  to  give  sufficient  friction  to  communicate  the 
motion. 

It  is  evident,  from  the  smallness  of  b,  that  the  lost  work  in  this 
case  must  be  almost  always  a  very  small  fraction  of  the  whole. 

379.    Efficiency  of  Sliding  Contact  in  General. — In  fig.  265,  let  T 
be  the  point  of  contact  of  a  pair  of 
moving    pieces    connected   by   sliding  / 

contact.  Let  the  plane  of  the  figure 
be  that  containing  the  directions  of 
motion  of  the  two  j>articles  which  touch 
each  other  at  the  point  T ;  and  let  T  V 
be  the  velocity  of  the  driving-particle, 
and  T  W  the  velocity  of  the  following- 
particle  ;  whence  V  W  will  represent 
the  velocity  of  sliding,  and  T  U,  per- 
pendicular to  V  W,  the  common  com- 
ponent of  the  velocities  of  the  two 
particles  along  their  line  of  connection 
KTP.  CTC,  parallel  to  V  W,  and 
perpendicular  to  It  T  P,  is  a  common 
tangent  to  the  two  acting  surfaces  at 
the  point  T ;  the  arrow  A  represents 
the  direction  in  which  the  driver  slides 
relatively  to  the  follower;  and  the 
arrow  B,  the  direction  in  which  the 
follower  slides  relativelv  to  the  driver. 

Along  the  line  of  connection,  that  is, 
normal  to  the  acting  surfaces  at  T,  lay 
off  T  P  to  represent  the  effort  exerted  V>y  Mtae  tovset  wv  *Qb» 


Fig.  2C5. 


438  DYNAMICS  OF  MACHINERY. 

follower,  and  TR(=  —  TP)to  represent  the  equal  and  opposite 
useful  resistance  exerted  by  the  follower  against  the  driver.  Draw 
8TQ,  making  with  RTPan  angle  equal  to  the  angle  of  repose 
of  the  rubbing  surfaces  (see  Article  309,  page  349),  and  inclined  in 
the  proper  direction  to  represent  forces  opposing  the  sliding  motion; 
draw  P  Q  and  R  S  parallel  to  C  C.  Then  T  Q  will  represent  the 
resultant  pressure  exerted  by  the  driver  on  the  follower,  and  T  S 
(=~TQ),  the  equal  and  opposite  resultant  pressure  exerted  by 
the  follower  against  the  driver,  and  P  Q  =  —  R  S  will  represent 
the  friction  which  is  overcome,  through  the  distance  Y  W,  in  each 
second;  while  the  useful  resistance,  T  R,  is  overcome  through  the 
distance  T  U.  Hence  the  useful  work  per  second  is  T  U  •  T  R ; 
the  lost  work  is  V  W  •  R  S;  and  the  counter-efficiency  is 

_          VW-RS 
c  ""  TTJ-TR '    ' 

Let  the  angle  U  T  V  =  «,  the  angle  TJ  T  W  =  /3,  and  let  /be 
the  co-efficient  of  friction.     Then  we  have — 

VW     .  .      m   RS       , 

^j-rzrtanae  +  tan/S;^^  =/; 

and  consequently 

c=  1  +/(tan«  +  tan/3) (2.) 

380.  cadency  of  Teeth. — It  has  already  been  shown,  in  Article 
127,  page  118,  that  the  relative  velocity  of  sliding  of  a  pair  of 
teeth  in  outside  gearing  is  expressed  at  a  given  instant  by 

("x  +  «»)  f; 

where  t  denotes  the  distance  at  that  instant  of  the  point  of  contact 
from  the  pitch-point.  (In  inside  gearing  the  angular  velocity  of 
the  greater  wheel  is  to  be  taken  with  the  negative  sign.) 

The  distance  t  is  continually  varying  from  a  maximum  at  the 
beginning  and  end  of  the  contact,  to  nothing  at  the  instaut  of  pass- 
ing the  pitch-point.  Its  mean  value  may  be  assumed,  with  suf- 
ficient accuracy  for  practical  purposes,  to  be  sensibly  equal  to  one- 
half  of  its  greatest  value;  and  in  the  formulae  which  follow,  the 
symbol  t  stands  for  that  mean  value. 

Let  P  be  the  mutual  pressure  exerted  by  the  teeth ;  /,  the  co- 
efficient of  friction;  then  the  work  lost  per  second  through  the 
friction  of  the  teeth  is 

K  +  «*)'/P. 
Let  u  be  the  common  ve\oc\fcj  ot  >fti*  Vk*  ^\\fcVwd^\  4y  the 
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mean  obliquity  of  the  line  of  connection  to  the  common  tangent  of 
the  pitch-circles;  then  u  cos  6  is  the  mean  value  of  the  common 
component  of  the  velocities  of  the  acting  surfaces  of  the  teeth  along 
the  line  of  connection ;  and  the  useful  work  done  per  second  is  ex- 
pressed by 

P  u  cos  $ 

so  that  the  counter-efficiency  is 

c  =  i  +  (5l±5^/ (i.) 

U  COS  9  x     ' 

Let  rx  and  rt  be  the  radii  of  the  two  pitch-circles ;  then  we  have 

u  u 

«i  =  -I  H  =  -> 

and  consequently 

c=l  +/<sec<{i  +1} (2.) 

If  two  pairs  of  teeth  at  least  are  to  be  in  action  at  each  instant 
(as  in  the  case  of  involute  teeth,  and  of  some  epicycloidal  teeth), 

and  if  the  pitch  be  denoted  by  p,  we  have  t  sec  9  =  ~'y  and  there- 

fore 


C  =1  + 


where  nx  and  Wj  are  the  number  of  teeth  in  the  two  wheels. 

In  many  examples  of  epicycloidal  teeth,  especially  where  small 

.23 

pinions  are  used,  the  duration  of  the  contact  is  only  ^  or  2  of  that 

assumed  in  equation  (3);  and  the  work  lost  in  friction  is  less  in  the 
same  proportion. 

The  preceding  rules  have  been  stated  in  the  form  applicable  to 
spur-wheels.  In  order  to  make  them  applicable  to  bevel- wheels, 
all  that  is  necessary  is  to  understand  that  the  measurements  of 
radii,  distances,  and  obliquity,  are  to  be  made,  not  on  the  actual 
pitch-circles,  but  on  the  pitch-circles  as  shown  on  tits  development  of 
the  normal  cones;  as  to  which,  see  Article  144,  page  144. 

When  there  is  a  transverse  component  in  the  relative  velocity  of 
sliding  (as  in  gearing- screws,  Article  154,  page  160),  the  fractional 
value  of  the  work  lost  in  friction  is  to  be  first  computed  as  if  for  a 
pair  of  spur-wheels  whose  pitch-circles  are  the  osculating  circles  of 
the  normal  screw-lines  (see  Article  154,  pages  161,  \&l\  wA  fek3&&& 
155,  page  1 63).     Then  find  in  what  ratio  tYifc  TOVxfcg  <&  ^osa^ 
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increased  by  compounding  the  transverse  component  with  the 
direct  component  (a1  +  a2)  t;  and  increase  the  fraction  of  work  lost 
through  friction  in  the  same  proportion. 

381.  EUicieHcr  of  Bnnda. — A  band,  such  as  a  leather  belt  or  a 
hempen  rope,  which  is  not  perfectly  elastic,  requires  the  expenditure 
of  a  certain  quantity  of  work — first  to  bend  it  to  the  curvature  of 
a  pulley,  and  then  to  straighten  it  again ;  and  the  quantity  of  work 
so  lost  has  been  found  by  experiment  to  be  nearly  the  same  as 
would  be  required  in  order  to  overcome  an  additional  resistance, 
varying  directly  as  the  sectional  area  of  the  band,  directly  as  its 
tension,  and  inversely  as  the  radius  of  the  pulley.  In  the  follow- 
ing formula?  for  leather  belts,  the  stiffness  is  given  as  estimated  by 
Keuleaux  (ConstruclionsleJire  fur  Mcuchinenbau,  §  307). 

Let  T  be  the  mean  tension  of  the  belt ;  S,  its  sectional  area ; 
r,  the  radius  of  the  pulley;  b,  a  constant  divisor  determined  by  ex- 
periment; R',  the  resistance  due  to  stiffness;  then 

q  T 

R'  =  i7- « 

b  (for  leather)  =  3-4  iuch  =  87  millimetres. 

To  apply  this  to  an  endless  belt  connecting  a  pair  of  pulleys  of 

the  respective  radii  rx  and  r2,  let  Tx  and  T2  be  the  tensions  of  the 

two  sides  of  the  belt,  as  determined  by  the  rule  of  Article  310  a, 

page  351.     Then  the  useful  resistance  is  T.  —  T2 ;  the  meau  ten- 

T   +  T 
sion  is     l  9 — -;  and  the  additional  resistance  due  to  stiffness  is 

T^To  SfJ.    .  II 
2         6tr1"1"r2J, 

consequently  the  counter-efficiency  is 

-i  _!_    Tt+T,       S/I  ,  1  )    1 
C-1+^T1-T^6tr1%J'l 

_i  + JL±J_ .5/1  +  2. i.  I  

-X^2(N-1)    blr^rj') 

T 

N  denoting  =*,  as  in  Article  374,  page  432.     The  sectional  area* 

2 

S,  of  a  leather  belt  is  given  by  the  formula 

8  =  5; (3) 

where  p  denotes  the  safe  working  tension  of  leather  belts,  in  units 
of  weight  per  unit  of  area ;  its  value  being,  according  to  Morin, 
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o*2  kilogramme  on  the  square  millimetre, 
285  lbs.  on  the  square  inch. 


or 


The  ordinary  thickness  of  the  leather  of  which  belts  are  made  is 
about  01 6  of  an  inch,  or  4  millimetres;  and  from  this  and  from 
the  area  the  breadth  may  be  calculated.  A  double  belt  is  of  double 
thickness,  and  gives  the  same  area  with  half  the  breadth  of  a  single 
belt. 

When  a  band  runs  at  a  high  velocity,  the  centrifugal  tension, 
or  tension  produced  by  centrifugal  force,  must  be  added  to  the 
tension  required  for  producing  friction  on  the  pulleys,  in  order  to 
find  the  total  tension  at  either  side  of  the  band,  with  a  view  to 
determining  its  sectional  area  and  its  stiffness.  The  centrifugal 
tension  is  given  by  the  following  expression  : — 


tgSf2 

y 


(4.) 


in  which  w  is  the  heaviness  (being,  for  leather  belts,  nearly  equal  to 
that  of  water) ;  S,  the  sectional  area;  t?,  the  velocity;  and  (/,  gravity 
(  =  32*2  feet,  or  9*81  metres  per  second). 

When  centrifugal  force  is  taken  into  consideration,  the  following 
formula  is  to  be  used  for  calculating  the  sectional  area;  T1  being 
the  tension  at  the  driving-side  of  the  belt,  as  calculated  by  the  rules 
of  Article  310  a,  page  351,  exclusive  of  centrifugal  tension: — 


S  = 


P  - 


w  v 


(5.) 


and  the  following  formula  for  the  counter-efficiency : — 

2  w  v2 

'■■Hk+k) <«•> 


c=l  + 


Tl   +  T2  + 


2  (Tx  -  T2) 


The  questions  of  areas  of  bands  and  centrifugal  tension  will  be 
further  considered  in  the  part  of  this  treatise  relating  to  the  strength 
of  machinery.   (See  page 586.) 

For  calculating  the  efficiency  of  hempen  ropes  used  as  bands,  it 
is  unnecessary  in  such  questions  as  that  of  the  present  Article  to 
use  a  more  complex  formula  than  that  of  Eytelwein — viz., 


R'  = 


D2T 

b'r  ' 


,(7.) 


where  D  is  the  diameter  of  the  rope,  and  6'  =  54  millimetres 
2  125  inches. 
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In  all  the  formulae,  -jr  is  to  be  substituted  for  jr.      The  proper 
value  of  D2  is  given  by  the  formula 


.    P 


.(&) 


where' p'  =  iooo  for  measures  in  inches  and  lbs. ;  and 

p'  =     o*7  for  measures  in  millimetres  and  kilogrammes. 
382.  Kfliciency  of  Unkwork.— In  fig.  266,  let  <\  Tv  C2  T2  be  two 
levers,  turning  about  parallel  axes  at  (X  and  Cg,  and  connected  with 
each  other  by  the  link  Tx  T2;  Tx  and  T2  being  the  connected  points. 


Fig.  266. 

The  pins,  which  are  connected  with  each  other  by  means  of  the 
link,  are  exaggerated  in  diameter,  for  the  sake  of  distinctness.  Let 
Cx  Tx  be  the  driver,  and  C2  T2  the  follower,  the  motion  being  as 
shown  by  the  arrows.  From  the  axes  let  fall  the  perpendiculars 
Cj  Pj,  C2  P2,  upon  the  line  of  connection.  Then  the  angular 
velocities  of  the  driver  and  follower  are  inversely  as  those  perpen- 
diculars ;  and,  in  the  absence  of  friction,  the  driving  moment  of  the 
first  lever  and  the  working  moment  of  the  secoud  are  directly  as 
those  perpendiculars ;  the  driving  pressure  being  exerted  along  the 
line  of  connection  Tx  T2.  Let  M2  be  the  working  moment ;  and 
let  M0  be  the  driving  moment  in  the  absence  of  friction ;  then  we 
have 

M   -  M»CiPi 

To  allow  for  the  friction  of  the  pins,  multiply  the  radius  of  each 
pin  by  the  sine  of  the  angle  of  repose ;  that  is,  very  nearly  by  the 
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lo-efficient  of  friction;  and  with  the  small  radii  thus  computed, 
[\  Al  and  T2  Aj,  draw  small  circles  about  the  connected  points. 
Then  draw  a  straight  line,  Qx  Ax  Bj  Qj  Bj  A2,  touching  both  the 
mall  circles,  and  in  such  a  position  as  to  represent  the  line  of 
iction  of  a  force  that  resists  the  motion  of  both  pins  in  the  eyes  of 
he  link.  This  will  be  the  line  of  action  of  the  resultant  force 
exerted  through  the  link.  Let  fall  upon  it  the  perpendiculars 
\  Qv  C2  Qs;  these  will  be  proportional  to  the  actual  driving 
noment  and  working  moment  respectively ;  that  is  to  say,  let  Mj 
>e  the  driving  moment,  including  friction;  then 


m,  =  M*'ciQi 

1         C,Q, 


Comparing  this  with  the  value  of  the  driving  moment  without 
riction,  we  find  for  the  counter-efficiency 

Mo      0,0,0,?/ l1' 

nd  for  the  efficiency 


1      M0  ,„C>Q1-01P1  ( 

c  "  Mx  "  Cx  Qx  -  C2  P2  w 


See  page  449.) 

383.  cmcieacf  mi  Blocks  nnd  Tackle.  (See  Articles  200,  201, 
•ages  214  to  216.) — In  a  tackle  composed  of  a  fixed  and  a  running 
dock  containing  sheaves  connected  together  by  means  of  a  rope,  let 
he  number  of  plies  of  rope  by  which  the  blocks  are  connected  with 
ach  other  be  w.  This  is  also  the  collective  number  of  sheaves  in 
he  two  blocks  taken  together,  and  is  the  number  expressing  the 
itrchase,  when  friction  is  neglected. 

Let  c  denote  the  counter-efficiency  of  a  single  sheave,  as  depend- 
og  on  its  friction  on  the  pin,  according  to  the  principles  of  Article 
•73,  page  427.  Let  d  denote  the  counter-efficiency  of  the  rope, 
rhen  passing  over  a  single  sheave,  determined  by  the  principles 
f    Article    381,  the    tension  being  taken  as  nearly  equal  to 

- ;  where  R  is  the  useful  load,  or  resistance  opposed  to  the  motion 

f  the  running  block.  R  -f-  n  is  also  the  effort  to  be  exerted  on 
he  hauling  part  of  the  rope,  in  the  absence  of  friction.  Then  the 
ounter-efficiency  of  the  tackle  will  be  expressed  approximately  by 

(c«T; (i) 

3  that  the  actual  or  effective  purchase,  instead  of  being  expressed 
y  n,  will  be  expressed  by 

n  (e  <f)~\ J^ 
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384.  BMcteaex  m€  C«uecttoM  hj  mmm*  •fm  FlaUL — When  motion 
is  communicated  from  one  piston  to  another  by  means  of  an  inter 
veiling  mass  of  fluid,  as  described  in  Articles  207  to  210,  pages  221 
to  224,  the  efficiencies  and  counter-efficiencies  of  the  two  pistons 
have  in  the  first  place  to  be  taken  into  account;  which  quantities 
arc  to  be  determined  by  means  of  the  principles  stated  at  page 
399;  that  is  to  say,  with  ordinary  workmanship  and  {tacking,  the 
efficiency  of  each  piston  may  be  taken  at  0*9  nearly;  wh»le  with  a 
carefully  made  cupped  leather  collar  the  counter-efficiency  of  a 
plunger  may  be  taken  at  the  following  value : — 


d  ' 


i--^5 (!•) 


in  which  d  is  the  diameter  of  the  plunger;  and  b  a  constant, 
whose  value  is  from  0-01  to  0*015  of  an  inch,  or  from  0*25  to 
0  38  of  a  millimetre.  For  if  c  be  the  circumference  of  the 
plunger,  and  p  the  effective  pressure  of  the  liquid,   the  whole 

amount  of  the  pressure  on  the  plunger  is  ^-j — ;  and  the  pressure 

required  to  overcome  the  friction  is  p  c  b. 

The  efficiency  and  counter-efficiency  of  the  intervening  mass  of 
fluid  remain  to  be  considered;  and  if  that  fluid  is  a  liquid,  and 
may  therefore  be  regarded  as  sensibly  incompressible,  these  quan- 
tities depend  on  the  work  which  is  lost  in  overcoming  the  resis- 
tance of  the  passage  which  the  liquid  has  to  traverse. 

-To  prevent  unnecessary  loss  of  work,  that  passage  should 
be  as  wide  as  possible,  and  as  nearly  as  possible  of  uniform 
transverse  section;  and  it  should  be  free  from  sudden  enlarge- 
ments and  contractions,  and  from  sharp  bends,  all  necessary 
enlargements  and  contractions  which  may  be  required  being  made 
by  means  of  gradually  tapering  conoidal  parts  of  the  passage, 
and  all  bends  by  means  of  gentle  curves.  When  those  conditions 
are  fulfilled,  let  Q  be  the  volume  of  liquid  which  is  forced  through 
the  passage  in  a  second;  S,  the  sectional  area  of  the  passage; 
then, 

•=§ w 

is  the  velocity  of  the  stream  of  fluid.  Let  b  denote  the  wetted 
border  or  circumference  of  the  passage;  then, 

»  =  £ (3-) 

is  what  is  called  the  hydraulic  mean  deptfi  of  the  passage.  In  a 
cylindrical  pipe,  m  =  \  d\smetec.    Lfti  I  be  the  length  of  the 
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ssage,  and  w  the  heaviness  of  the  liquid.     Then  the  loss  of 
ensure  in  overcoming  the  friction  of  the  passage  is 

,      fl     w  v2  ,. . 

*  =  ™    2T; (4) 

which  g  denotes  gravity,  and  f  a  co-efficient  of  friction  whose 
hie,  for  water  in  cylindrical  cast-iron  pipes,  according  to  the 
periments  of  Darcy,  is 


/=  0-005  (l+J^);» (5.) 


being  the  diameter  of  the  pipe  in  feet. 

Let  p  be  the  pressure  on  the  driven  or  following  piston ;  then 
e  pressure  on  the  driving  piston  is  p  +  p' ;  and  the  counter^ 
Iciency  of  Hie  fluid  is 

1+?'; (0.) 

p  x    ' 

tiicli,  being  multiplied  by  the  product  of  the  counter-efficiencies 

the  two  pistons,  gives  the  courtier-efficiency  of  the  intervening 
ruid. 

When  the  intervening  fluid  is  air,  there  is  a  loss  of  work 
rough  friction  of  the  passage,  depending  on  principles  similar  to 
ose  of  the  friction  of  liquids ;  and  there  is  a  further  loss  through 
e  escape  by  conduction  of  the  heat  produced  by  the  compression 

the  air. 

The  friction  which  has  to  be  overcome  by  the  air,  and  whicli 
uses  a  certain  loss  of  pressure  between  the  compressing  pumps 
id  the  working  machinery,  consists  of  two  parts,  one  occasioned 
r  the  resistance  of  the  valves,  and  the  other  by  the  friction  along 
ie  internal  surface  of  pipes. 

To  overcome  the  resistance  of  valves,  about  five  per  cent,  of  the 
fective  pressure  may  be  allowed. 

The  friction  in  the  pipes  depends  on  their  length  and  diameter, 
id  on  the  velocity  of  the  current  of  air  through  them.  It  is 
?aily  proportional  to  the  square  of  the  velocity  of  the  air. 

A  velocity  of  about  forty  feet  per  second  for  the  air  in  its  com- 
ressed  state  has  been  found  to  answer  in  practice.  The  diameter 
'  pipe  required  in  order  to  give  that  velocity  can  easily  be  com- 
jted,  when  the  dimensions  of  the  cylinders  of  the  machinery  to  be 
riven,  and  the  number  of  strokes  per  minute,  are  given. 

When  the  diameter  of  a  pipe  is  so  adjusted  that  the  velocity  of 
ie  air  is  40  feet  per  second,  the  pressure  expended  in  overcoming 

1  25*4 

*  When  the  diameter  is  expressed  in  millimetres,  for  r^-;  substitute — — • 
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its  friction  may  be  estimated  at  one  per  cent,  of  tlte  total  or  absolute 
pressure  of  the  air,  for  every  five  hundred  diameters  of  the  pipe  thai 
its  length  contains. 

Although  the  abstraction  from  the  air  of  the  heat  produced  bj 
the  compression  involves  a  certain  sacrifice  of  motive  power  (say 
from  30  to  35  per  cent)  still  the  effects  of  the  heated  air  are  so 
inconvenient  in  practice,  that  it  is  desirable  to  cool  it  to  a  certain 
extent  during  or  immediately  after  the  compression.  This  may  be 
effected  by  injecting  water  in  the  form  of  spray  into  the  com- 
pressing pumps;  and  for  that  purpose  a  small  forcing  pump  of 
about  r&ffth  of  the  capacity  of  the  compressing  pumps  has  been 
found  to  answer  in  practice.  The  air  may  be  thus  cooled  down  to 
about  104°  Fahr.  or  40°  Cent 

The  factor  in  the  counter- efficiency  due  to  the  loss  of  heat 
expresses  the  ratio  in  which  the  volume  of  air  as  discharged  from 
the  compressing  pump  at  a  high  temperature  is  greater  than  the 
volume  of  the  same  air  when  it  reaches  the  working  machinery  at 
a  reduced  temperature;  which  ratio  may  be  calculated  approxi- 
mately by  taking  two-seventlis  of  the  logarithm  of  the  absolute 
working  pressure  of  the  compressed  air  in  atmospheres,  and  finding 
the  corresponding  natural  number.  That  is  to  say,  let  p0  denote 
one  atmosphere  (=  at  the  level  of  the  sea  14*7  lbs.  on  the  square 
inch,  or  10333  kilogrammes  on  the  square  m&tre);  let  p1  be  the 
absolute  working  pressure  of  the  air,  so  that  p1  —  p0  is  the  effective 
pressure;  then  the  counter-efficiency  due  to  the  escape  of  heat  is, 


Po' 

From  examples  of  the  practical  working  of  compressed  air, 
when  used  to  transmit  motive  power  to  long  distances,  it  appears 
that  in  order  to  provide  for  leakage  and  various  other  imperfec- 
tions in  working,  the  capacity  of  the  compressing  pumps  should  be 
very  nearly  double  of  the  net  volume  of  uncompressed  air  required ; 
and  it  has  also  been  found  necessary,  in  working  the  compressing 
pumps,  to  provide  from  three  to  four  times  the  power  of  the 
machinery  driven  by  the  compressed  air. 


Addendum  to  Article  343,  Page  386. 

Rotatory   Dynamometers  —  Eplcyclle  -  Train    Dynamometer. — The 

term  of  "  epicyclic-train  dynamometers"  may  be  applied  to  those 
instruments  in  which  the  power  to  be  measured  is  transmitted 
through  an  epicyclic  train,  and  the  effort  exerted  is  measured  by 
means  of  the  force  required  to  hold  the  train-arm  at  rest.  In 
King's  dynamometer,  for  example,  there  is  a  train  of  wheel- work 
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of  which  the  principle  (though  not  the  details)  is  sufficiently  well 
represented  by  fig.  176,  page  245.  The  bevel-wheel  B  is  driven 
by  the  prime  mover;  and  through  the  bevel- wheels  (or  bevel-wheel, 
there  being  usually  only  one)  carried  by  the  arm  A,  it  drives  the 
bevel-wheel  C,  which  drives  the  working  machinery.  The  train- 
arm  A  is  kept  steady  by  a  weight,  or  by  a  spring;  and  it  is  obvious 
that  the  moment  of  that  force  relatively  to  the  common  axis  of 
rotation  of  B,  C,  and  A,  must  be  double  of  the  moment  trans- 
mitted from  B  to  C;  which  latter  moment — that  is,  half  the 
moment  of  the  weight  or  spring  that  holds  A  steady,  being 
multiplied  by  2  «•  x  the  number  of  turns  in  a  given  time,  gives 
the  work  done  in  that  time.  This  apparatus  may  be  made  to 
record  its  results  on  a  travelling  strip  of  paper,  like  other  kinds  of 
dynamometers. 

Addenda  to  Article  381,  Page  440. 

I.  Use  of  Relieving  Boilers  between    Pulley*. — When  a   pair    of 

pulleys  connected  with  each  other  by  means  of  a  band  are  near 
together,  the  bearings  of  their  shafts  may  be  relieved  from  the 
pressure  due  to  the  tension  of  the  band  by  placing  between  the 
pulleys  a  smooth  idle  wheel  or  roller,  turning  in  rolling  contact 
with  them  both.  The  axis  of  rotation  of  the  roller  should  be  in 
the  same  plane  with  those  of  the  pulleys;  and  two  out  of  the  three 
shafts  should  have  their  bearings  so  fitted  up  as  to  be  capable  of  a 
small  extent  of  motion  in  a  direction  perpendicular  to  the  axes  of 
rotation,  in  order  that  the  distances  of  those  axes  from  each  other 
may  adjust  themselves  when  the  band  is  tightened,  and  that  the 
tension  of  the  band  and  the  pressure  transmitted  through  the  roller 
may  balance  each  other  without  the  aid  of  pressures  at  the 
bearings. 

II.  Efficiency  of  Telodrnnmlc  Transmission. — The  phrase  "  Telo- 

dynamic  Transmission"  is  used  to  denote  Mr.  C.  F.  Hirn's  method 
of  transmitting  motive  power  to  long  distances  by  means  of  an 
endless  wire  rope,  connecting  a  pair  of  large  pulleys,  and  moving 
at  a  high  speed.  The  pulleys  are  made  of  cast  iron;  and  each  of 
them  has  at  the  bottom  of  its  groove  a  dovetail-shaped  recess  filled 
with  gutta-percha,  which  is  driven  in  and  rammed  tight  by  means 
of  a  mallet;  the  wire  rope  bears  against  the  gutta-percha  bottom 
of  the  groove ;  and  this  is  found  both  to  transmit  an  effort  better, 
and  to  ensure  greater  durability  of  the  rope  and  pulleys,  than 
when  the  rope  bears  against  a  cast-iron  surface. 

The  ordinary  speed  of  the  rope  is  from  50  to  80  feet  per  second; 
and  with  wrought-iron  pulleys,  it  is  considered  that  it  might  be 
increased  to  100  feet  per  second.  The  effort  to  be  transmitted  is 
calculated  from  the  power  to  be  transmitted,  by  ex\rces&v&%  ^*fc> 
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power  in  units  of  work  per  second,  and  dividing  by  the  speed. 
The  available  tensions  at  the  chiving  and  returning  sides  of  the 
rope  are  calculated  by  the  rules  of  Article  310  a,  page  351;  in 
practice  it  is  considered  sufficiently  accurate  to  make  the  former 
twice,  and  the  latter  once,  the  effort  to  be  transmitted.  To  each  of 
those  tensions  is  to  be  added  the  centrifugal  tension  (see  Article 
381,  page  441)  in  order  to  obtain  the  total  tensions.  The  trans- 
verse dimensions  of  the  rope  are  adapted  to  the  total  tension  at  the 
driving  side  of  Hie  rope,  by  the  application  of  rules  to  be  given  in 
the  Part  of  this  Treatise  relating  to  strength. 

In  order  that  the  roj>e  may  not  be  overstrained  by  the  bending 
of  the  wires  of  which  it  consists,  in  passing  round  the  driving  and 
following  pulleys,  the  diameter  of  each  of  those  pulleys  should  not 
be  less  than  140  times  the  diameter  of  the  rope,  and  is  sometimes 
as  much  as  2G0  times. 

The  distance  between  the  driving  and  following  pulleys  is  not 
made  less  than  about  100  feet;  for  at  less  distances  shafting  is 
more  efficient ;  nor  is.  it  made  more  than  500  feet  in  one  span, 
because  of  the  great  depth  of  the  catenary  curves  in  which  the 
rope  hangs.  When  the  distance  between  the  driving  and  follow- 
ing pulleys  exceeds  500  feet,  the  rope  is  supjxjrted  at  intermediate 
points  by  pail's  of  bearing  pulleys,  so  as  to  divide  the  whole  dis- 
tance into  intervals  of  500  feet  or  less. 

The  bearing  pulley*  are  constructed  in  the  same  way  with  the 
driving  and  following  pulleys,  and  of  about  half  the  diameter. 

The  loss  of  work  due  to  the  stiffness  of  the  rope  may  be  regarded 
as  insensible;  because  when  the  diameters  of  the  pulleys  are 
uufficient,  the  wires  of  which  the  rope  is  made  straighten  them- 
selves by  their  own  elasticity  after  having  been  bent. 

It  has  been  found  by  practical  experience  that  the  losses  of 
jwwer  in  this  apparatus  are  nearly  as  follows,  in  fractions  of  the 
whole  power  transmitted : — 

Overcoming  the  axle-friction  of  the  driving  and 

following  pulleys,  about  A,  or 0*0250 

Overcoming  the  axle-friction  of  each  pair  of  bear- 
ing pulleys,  about  ***,  or ooon 

Hence  the  efficiency  of  telodynamic  transmission  may  be 
estimated  at 

0-975  "  900 ;      (^  ^g0  582.) 

N  being  the  number  of  pairs  of  intermediate  bearing  pulleys.* 

•  For  detailed  information  on  the  subject  of  Telodynamic  Transmission, 
-  the  following  authorities:—  Notice  sur  fa  Transmission  TclodynamupM, 
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Addendum  to  Article  382,  Page  442. 

E fleet  of  Obliquity  of  a  Connectlng-Rod  on  Friction. — The  alter- 
nate thrust  and  tension  along  the  connecting-rod  is  almost  always 
an  important  component,  and  sometimes  the  most  important  com- 
ponent, of  the  force  which  is  balanced  by  the  pressure  of  the  bear- 
ings of  a  crank-shaft ;  and  the  lateral  component  of  that  alternate 
thrust  and  tension  is  the  cause  of  the  friction  of  the  guides  by 
which  the  head  of  the  piston-rod  is  made  to  move  in  a  straight 
line,  when  there  is  no  parallel  motion. 

The  direction  of  the  connecting-rod  is  continually  changing 
between  certain  limits ;  and  this  causes  a  continual  change  in  the 
ratio  borne  by  the  whole  force  exerted  along  that  rod,  and  by  its 
lateral  component,  to  its  direct  component. 

Let  r  be  the  crank-arm,  c  the  length  of  the  connecting-rod;  then 
the  mean  value  of  the  ratio  which  the  lateral  component  bears  to 
the  direct  component  is  very  nearly  as  follows : — 
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and  if  ./be  the  co-efficient  of  friction  of  the  guides,  the  counter- 
efficiency  of  the  piston-rod  head  will  be  nearly 
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The  mean  ratio  borne  by  the  total  force  (T)  exerted  along  the 
connecting-rod  to  its  direct  component  (P)  is  nearly  as  follows : — 


T 
P 


w/(<r  —  O'bit  r-)  x    ' 


and  the  axle-friction  of  the  crank-shaft  is  increased  nearly  in  that 
ratio,  beyond  what  it  would  be  if  the  obliquity  of  the  connecting- 
rod  were  insensible.* 

par  C.  F.  Hirn  (Colmar,  1862).  Reuleaux,  Constructionslehre  fur  Mas- 
ctenenbau  (Braunschweig,  1854  to  1862),  §§  324  to  342. 

*  The  exact  solution  of  these  questions  is  given  by  the  aid  of  elliptic 
functions ;  but  for  practical  purposes  the  approximate  solution  in  the  text 
is  sufficient. 
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PAET  III. 

MATERIALS,  CONSTRUCTION,  AND  STRENGTH  OF 

MACHINERY. 


CHAPTER  I. 

OF  MATERIALS  USED  IN  MACHINERY. 

385.  General  Explanation*. — The  materials  used  in  machinery 
are  of  two  principal  kinds — inorganic  and  organic. 

The  inorganic  materials  consist  almost  wholly  of  metals;  for 
although  stony  and  earthy  materials  occur  in  the  foundations  of 
fixed  machines,  and  in  houses  which  contain  machinery,  they 
are  little  used  in  machinery  itself. 

The  organic  materials  consist  chiefly  of  wood,  of  vegetable  and 
animal  fibre  in  the  form  of  ropes  and  bands,  and  of  indian  rubber 
and  gutta  percha,  and  a  few  miscellaneous  substances. 

The  present  chapter  gives  a  summary  of  those  properties  of 
materials  upon  which  their  use  in  machinery  and  millwork 
depends;  and  it  is  necessarily  to  a  great  extent  identical  with 
those  parts  of  A  Manual  of  Civil  Engineering  which  treat  of  the 
same  materials. 

Section  I. — Of  Iron  and  Steel. 

386.  Kinds  of  iron  and  Steel. — The  metallic  products  of  the  iron 
manufacture  are  of  three  principal  kinds — malleable  iron,  cast  iron, 
and  steel.  Malleable  iron  is  pure  or  nearly  pure  iron.  Cast  iron  is 
a  granular  and  crystalline  compound  of  iron  and  carbon,  more  or 
less  mixed  with  uncombined  carbon  in  the  form  of  plumbago.  It 
is  harder  then  pure  iron,  more  brittle,  and  less  tough.  Steel  is  a 
compound  of  iron  with  less  carbon  than  there  is  in  cast  iron ;  it  is 
harder  than  cast  iron,  and  tougher  than  wrought  iron,  though  less 
ductile;  and  it  is  the  strongest  of  all  known  substances  for  its 
dimensions.  It  is  also  the  strongest  of  all  metals  for  its  weight; 
but  in  the  comparison  of  tenacity  with  weight,  steel  and  all  metals 
are  exceeded  by  many  kinds  of  organic  fibre.  There  are  many 
intermediate  gradations  between  pure  iron  and  the  hardest  steel, 
some  of  which  are  known  by  such  names  as  "steely  iron"  and 
"semi-steeL" 
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387.  impurities  of  iron. — The  strength  and  other  good  qualities 
of  iron  and  steel  depend  mainly  on  the  absence  of  impurities,  and 
especially  of  sulphur,  phosphorus,  silicon,  calcium,  and  magnesium. 

Sulphur  and  calcium,  and  probably  also  magnesium,  make  iron 
" red-short"  that  is,  brittle  at  a  red  heat ;  phosphorus  and  silicon 
make  it  " coldshort"  that  is,  brittle  at  low  temperatures.  These 
are  both  serious  defects;  but  the  latter  is  the  worse. 

Sulphur  conies  in  general  from  coal  or  coke  used  as  fuel.  Its 
pernicious  effects  can  be  avoided  altogether  by  using  fuel  which 
contains  no  sulphur;  and  hence  the  strongest  and  toughest  of  all 
iron  is  that  which  is  smelted,  reduced,  and  puddled  either  with 
charcoal,  or  with  coke  that  is  free  from  sulphur. 

PJwspJwrus  comes  in  most  cases  from  phosphate  of  iron  in  the 
ore,  or  from  phosphate  of  lime  in  the  ore,  the  fuel,  or  the  flux.  The 
ores  which  contain  most  phosphorus  are  those  found  in  strata 
where  animal  remains  abound. 

Calcium,  and  Silicon  are  derived  respectively  from  the  decom- 
position of  lime  and  of  silica  by  the  chemical  affinity  of  carbon 
for  their  oxygen.  The  only  iron  which  is  entirely  free  from  those 
impurities  is  that  which  is  made  by  the  reduction  of  ores  that 
contain  neither  silica  nor  lime :  such  as  pure  magnetic  iron  ore, 
pure  haematite,  and  pure  sparry  iron  ore. 

388.  Cast  iron  is  the  product  of  the  process  of  smelting  iron 
ores.  In  that  process  the  ore  in  fragments,  mixed  with  fuel  and 
with  flux  (that  is  to  say,  with  a  substance  such  as  lime,  which, 
tends  to  combine  with  the  earthy  constituents  of  the  ore),  is 
subjected  to  an  intense  heat  in  a  blast-furnace,  and  the  products 
are  slay,  or  glassy  matter  formed  by  the  combination  of  the  flux 
with  the  earthy  ingredients  of  the  ore,  and  pig  iron,  which  is  a 
compound  of  iron  and  carbon,  either  unmixed,  or  mixed  with  a 
small  quantity  of  uncombined  carbon  in  a  state  of  plumbago. 

The  ore  is  often  roasted  or  calcined  before  being  smelted,  in 
order  to  expel  carbonic  acid  and  water. 

The  total  quantity  of  carbon  in  pig  iron  ranges  from  two  to  five 
per  cent,  of  its  weight. 

Different  kinds  of  pig  iron  are  produced  from  the  same  ore  in 
the  same  furnace  under  different  circumstances  as  to  temperature 
and  quantity  of  fuel.  A  high  temperature  and  a  large  quantity  of 
iuel  produce  gray  cast  iron,  which  is  further  distinguished  into 
No.  1 ,  No.  2,  No.  3,  and  so  on ;  No.  1  being  that  produced  at  the 
highest  temperature.  A  low  temperature  and  a  deficiency  of  fuel 
produce  white  cast  iron.  Gray  cast  iron  is  of  different  shades  of 
bluish-gray  in  colour,  granular  in  texture,  softer  and  more  easily 
fusible  than  white  cast  iron.  White  cast  iron  is  silvery  white, 
either  granular  or  crystalline,  comparatively  difficult  to  mftit^ 
brittle,  and  excessively  hard 
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It  appears  that  the  differences  between  those  kinds  of  iron 
depend  not  so  much  on  the  total  quantities  of  carbon  which  they 
contain  as  on  the  proportions  of  that  carbon  which  are  respec- 
tively in  the  conditions  of  mixture  and  of  chemical  combination 
with  the  iron.  Thus,  gray  cast  iron  contains  one  per  cent,  and 
sometimes  less,  of  carbon  in  chemical  combination  with  the  iron, 
and  from  one  to  three  or  four  per  cent,  of  carbon  in  the  state  of 
plumbago  in  mechanical  mixture ;  while  white  cast  iron  is  a  homo- 
geneous chemical  compound  of  iron  with  from  two  to  four  per  cent 
of  carbon.  Ol  the  different  kinds  of  gray  cast  iron,  No.  1  contains 
the  greatest  proportion  of  plumbago,  No.  2  the  next,  and  so  on. 

There  are  two  kinds  of  white  cast  iron,  the  granular  and  the 
crystalline.  The  granular  kind  can  be  converted  into  gray  cast 
iron  by  fusion  and  slow  cooling ;  and  gray  cast  iron  can  be  con- 
verted into  granular  white  cast  iron  by  fusion  and  sudden  cooling. 
This  takes  place  most  readily  in  the  best  iron.  Crystalline  white 
cast  iron  is  harder  and  more  brittle  than  granular,  and  is  not 
capable  of  conversion  into  gray  cast  iron  by  fusion  and  slow 
cooling.  Gray  cast  iron,  No.  1,  is  the  most  easily  fusible,  and 
produces  the  finest  and  most  accurate  castings;  but  it  is  deficient 
in  hardness  and  strength;  and  therefore,  although  it  is  the  best 
for  castings  of  moderate  size,  in  which  accuracy  is  of  more  impor- 
tance than  strength  and  stiffness,  it  is  inferior  to  the  harder  and 
stronger  kinds,  No.  2  and  No.  3,  for  pieces  requiring  great  strength 
and  stiffness. 

The  presence  of  plumbago  renders  cast  iron  comparatively  weak 
and  pliable,  so  that  the  order  of  strength  and  stiffness  among 
different  kinds  of  cast  iron  from  the  same  ore  and  fuel  is  as  fol- 
lows : — 

Granular  white  cast  iron. 
Gray  cast  iron,  No.  3. 
„         „         No.  2. 
„         „         No.  1. 

Crystalline  white  cast  iron  is  not  introduced  into  this  classi 6 ca- 
tion because  its  extreme  brittleness  makes  it  unfit  for  use  in 
machinery. 

Granular  white  cast  iron,  also,  although  stronger  and  harder 
than  gray  cast  iron,  is  too  brittle  to  be  a  safe  material  for  the 
entire  mass  of  any  piece  in  a  machine  that  is  exposed  to  shocks ; 
but  it  is  used  to  form  a  hard  and  impenetrable  skin  to  a  piece  of 
gray  cast  iron  by  the  process  called  chilling.  This  consists  in 
lining  the  portion  of  the  mould,  where  a  hardened  suiface  is  re- 
quired, with  suitably-shaped  pieces  of  iron.  The  melted  metal,  on 
being  run  in,  is  cooled  and  solidified  suddenly  where  it  touches  the 
cold  iron;  and  for  a  certain  depth  from  the  chilled  surface,  varying 
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from  Jth  to  £-inch  in  different  kinds  of  iron,  it  takes  the  white 
granular  condition,  while  the  remainder  of  the  casting  takes  the 
gray  condition. 

Even  in  castings  which  are  not  chilled  by  an  iron  lining  to  the 
mould,  the  outermost  layer,  being  cooled  more  rapidly  than  the 
interior,  approaches  more  nearly  to  the  white  condition,  and  forms 
a  shin,  harder  and  stronger  than  the  rest  of  the  casting. 

A  strong  kind  of  cast  iron  called  toughened  cast  iron,  is  pro- 
duced by  the  process  invented  by  Mr.  Morries  Stirling,  of  adding 
to  the  cast  iron,  and  melting  amongst  it,  from  one-fourth  to  one- 
seventh  of  its  weight  of  wrought-iron  scrap. 

Malleable  Cast  Iron  is  made  by  the  following  process: — The 
castings  to  be  made  malleable  are  imbedded  in  the  powder  of  red 
haematite  (which  consists  almost  wholly  of  peroxide  of  iron) ;  they 
are  then  raised  to  a  bright  red  heat  (whicli  occupies  about  24 
hours),  maintained  at  that  heat  for  a  period  varying  from  three  to 
five  days,  according  to  the  size  of  the  casting,  and  allowed  to  cool 
(which  occupies  about  24  hours  more).  The  oxygen  of  the  haema- 
tite extracts  part  of  the  carbon  from  the  cast  iron,  which  is  thus 
converted  into  a  sort  of  soft  steel ;  and  its  tenacity  (according  to 
experiments  by  Messrs.  A.  More  &  Son)  becomes  about  three  times 
that  of  the  original  cast  iron. 

3S9.  The  strength  or  Cart  iron  of  every  kind,  like  that  of 
granular  substances  in  general,  is  marked  by  two  properties :  the 
smallness  of  the  tenacity  (which  is  on  an  average  about  16,000  or 
18,000  lbs.  on  the  square  inch)  as  compared  with  the  resistance  to 
crushing  (which  ranges  from  80,000  to  110,000),  and  the  different 
values  of  the  stress  immediately  before  rupture  of  the  same  kind  of 
iron  in  bars  torn  directly  asunder,  and  in  beams  of  different  forms 
when  broken  across. 

For  the  results  of  experiments  on  the  strength  of  various  kinds 
of  cast  iron,  see  the  tables  of  the  following  chapter. 

The  strength  of  cast  iron  to  resist  cross  breaking  was  found 
by  Mr.  Fairbairn  to  be  increased  by  repeated  meltings  up  to  the 
twelfth,  when  it  was  greater  than  at  first  in  the  ratio  of  7  to  5  nearly. 
After  the  twelfth  melting  that  sort  of  strength  rapidly  fell  off. 

The  resistance  to  crushing  went  on  increasing  after  each  succes- 
sive melting;  and  after  the  eighteenth  melting  it  was  double  of  its 
original  amount,  the  iron  becoming  silvery  white  and  intensely 
hard. 

The  transverse  strength  of  No.  3  cast  iron  was  found  by  Mr. 
Fairbairn  not  to  be  diminished  by  raising  its  temperature  to  600° 
Fahr.  (being  about  the  temperature  of  melting  lead).  At  a  red 
heat  its  strength  fell  to  two-thirds. 

390.  Casting*  for  Machinery. — The  best  course  for  an  engineer 
to  take,  in  order  to  obtain  cast  iron  of  a  certain  fctoew^tv,  \&  \i<i\.  \» 
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specify  to  the  founder  any  particular  kind  or  mixture  of  pig  iron, 
but  to  specify  a  certain  minimum  strength  which  the  iron  should 
show  when  tested  by  experiment. 

As  to  the  appearance  of  good  iron  for  castings,  it  should  have 
on  the  outer  surface  a  smooth,  clear,  and  continuous  skin,  with 
regular  faces  and  sharp  angles.      When   broken,   the  surface  of 
fracture  should  be  of  a  light  bluish-gray  colour  and  close-grained 
texture,  with  considerable  metallic  lustre ;  both  colour  and  texture 
should  be  uniform,  except  that  near  the  skin  the  colour  may  be 
somewhat  lighter  and  the  grain  closer;  if  the  fractured  surface  ia 
mottled,  either  with  patches  of  darker  or  lighter  iron,  or  with  crystal- 
line spots,  the  casting  will  be  unsafe;  and  it  will  be  still  more  unsafe 
if  it  contains  air-bubbles.     The  iron  should  be  soft  enough  to  be 
slightly  indented  by  a  blow  of  a  hammer  on  an  edge  of  the  casting. 
When  cut  by  tools  of  different  kinds,  the  iron  should  show  a 
smooth,  compact,  and  bright  surface,  free  from  bubbles  and  other 
irregularities,  of  an  uniform  colour,  and  capable  of  taking  a  good 
polish. 

Castings  are  tested  for  air-bubbles  by  ringing  them  with  a 
hammer  all  over  the  surface. 

Cast  iron,  like  many  other  substances,  when  at  or  near  the 
temperature  of  fusion,  is  a  little  more  bulky  for  the  same  weight 
in  the  solid  than  in  the  liquid  state,  as  is  shown  by  the  solid  iron 
floating  on  the  melted  iron.  This  causes  the  iron  as  it  solidities  to 
till  all  parts  of  the  mould  completely,  and  to  take  a  sharp  and 
accurate  figure.  The  solid  iron  contracts  in  cooling  from  the 
melting  point  down  to  the  temperature  of  the  atmosphere,  by 
about  one  per  cent,  in  each  of  its  linear  dimensions,  or  one-eighth 
of  an  inch  in  a  foot  nearly;  and  therefore  patterns  for  castings 
are  made  larger  in  that  proportion  than  the  intended  pieces  of 
cast  iron  which  they  represent. 

The  rate  of  linear  expansion  of  cast  iron  between  the  freezing 
and  boiling  points  of  water  is  about  'oou  i. 

A  convenient  instrument  in  making  patterns  for  castings  is  a 
contraction-rule,  that  is,  a  rule  on  which  each  division  is  longer 
in  the  proportion  already  mentioned  than  the  true  length  to  which 
it  corresponds. 

In  designing  patterns  for  castings,  care  must  be  taken  to  avoid 
all  abrupt  variations  in  the  thickness  of  metal,  lest  parts  of 
the  casting  near  each  other  should  be  caused  to  cool  and  contract 
with  unequal  rapidity,  and  so  to  split  asunder  or  overstrain  the 
iron.  It  is  advantageous  also  that  castings,  especially  those  for 
moving  pieces  in  machinery,  such  as  wheels,  should  be  of  sym- 
metrical figures,  or  as  nearly  so  as  is  consistent  with  their  purposes, 
in  order  that  they  may  have  no  tendency  to  become  distorted  while 
cooling. 


CAST  IRON — MALLEABLE  IRON.  455 

Iron  becomes  more  compact  and  sound  by  being  cast  under 
pressure;  and  hence  cast-iron  cylinders,  pipes,  columns,  shafts, 
and  the  like,  are  stronger  when  cast  in  a  vertical  than  in  a 
horizontal  position,  and  stronger  still  when  provided  with  a  /lead, 
or  additional  column  of  iron,  whose  weight  serves  to  compress  the 
mass  of  iron  in  the  mould  below  it.  The  air-bubbles  ascend  and 
collect  in  the  head,  which  is  broken  off  when  the  casting  is  cool. 

Care  should  be  taken  not  to  cut  or  remove  the  skin  of  a  piece 
of  cast  iron  more  than  is  absolutely  necessary,  at  those  points 
where  the  stress  is  intense.  In  order  that  this  rule  may  be  carried 
out  in  pieces  (such  as  toothed  wheels)  which  are  shaped  to  an 
accurate  figure  by  cutting  or  abrading  tools,  care  should  be  taken  to 
make  them  as  nearly  as  practicable  of  the  true  figure  by  casting 
alone,  so  that  the  depth  of  skin  to  be  cut  away  may  be  as  small 
as  possible. 

391.  Wrought  or  malleable  iron  in  its  perfect  condition  is  sim- 
ply pure  iron.  It  falls  short  of  that  perfect  condition  to  a  greater 
or  less  extent  owing  to  the  presence  of  impurities,  of  which  the 
most  common  and  injurious  have  been  mentioned,  and  their  effects 
stated,  in  Article  387,  page  451 ;  and  its  strength  is  in  general 
greater  or  less  according  to  the  greater  or  less  purity  of  the  ore 
and  fuel  employed  in  its  manufacture. 

Malleable  iron  may  be  made  either  by  direct  reduction  of  th^ 
ore  or  by  the  abstraction  of  the  carbon  and  various  impurities 
from  pig  iron,  mainly  by  means  of  oxygen.  The  latter  is  the 
more  common  process ;  and  the  ordinary  method  of  carrying  it  on, 
by  stirring  the  iron  in  a  reverberatory  furnace,  is  called  puddling. 
The  oxygen  which  carries  off  the  carbon  in  the  process  of  puddling 
comes  partly  from  the  air  and  partly  from  a  bed  of  cinder  and 
oxide  of  iron,  called  the  fettling,  with  which  the  bottom  of  the 
furnace  is  covered.  The  bloom,  or  lump  of  iron  drawn  from  the 
puddling  furnace,  is  hammered,  to  drive  out  the  cinder  with  which 
it  is  mixed — a  compound  of  silica  and  protoxide  of  iron;  it  is  then 
rolled  into  bars,  which  are  cut  into  lengths,  fagotted  into  bundles, 
re-heated,  and  re-rolled,  until  bars  are  obtained  of  the  required 
dimensions.  The  fibrous  structure  of  bar  iron  is  owing  to  the 
process  of  fagotting  and  rolling,  by  which  it  is  made.  In  Mr. 
Bessemer' s  process  a  blast  of  air  is  blown  through  the  molten 
iron,  in  a  large  vessel  or  retort,  until  the  carbon  and  silicon  are 
oxidized  and  removed. 

Strength  and  toughness  in  bar  iron  are  indicated  by  a  fine, 
close,  and  uniform  fibrous  structure,  free  from  all  appearance  of 
crystallization,  with  a  clear,  bluish-gray  colour  and  silky  lustre 
on  a  torn  surface  where  the  fibres  are  shown. 

Plate  iron  of  the  best  kind  consists  of  alternate  layers  of  fibres 
crossing  each  other.     It  should  have  a  bard,  amooNta  &ax^  wns&fer 
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what  glossy,  and  when  broken,  should  show  perfect  uniformity  of 
structure,  and  be  free  from  all  tendency  to  split  into  layers. 

To  examine  the  internal  structure  of  irou,  whether  in  bars  or 
in  plates,  a  short  piece  may  be  notched  on  one  side,  near  the 
middle,  and  bent  double.  During  this  process  the  uncut  part 
should  not  break ;  and  if  the  iron  gives  way  at  all,  it  should  do 
so  by  splitting  along  the  fibres  near  the  bottom  of  the  notch. 
The  fitness  of  bar  iron  for  structures,  machines,  and  smith  work 
of  different  kinds,  is  tested  by  bending  and  punching  it  cold,  and 
by  punching  and  forging  it  hot,  so  as  to  ascertain  whether  it  shows 
any  signs  of  brittieness  either  when  cold  or  when  hot  (called 
"  cold-short"  and  "  red-short").* 

Malleable  iron  is  distinguished  by  the  property  of  welding :  two 
pieces,  if  raised  nearly  to  a  white  heat,  and  pressed  or  hammered 
firmly  together,  adhering  so  as  to  form  one  piece.  In  all  opera- 
tions of  which  welding  forms  a  part,  such  as  rolling  and  forging, 
it  is  essential  that  the  surfaces  to  be  welded  should  be  brought 
into  close  contact,  and  should  be  perfectly  clean  and  free  from 
oxide  of  iron,  cinder,  and  all  foreign  matter. 

In  all  cases  in  which  several  bars  are  to  be  fagotted  and  ham- 
mered, or  rolled  into  one,  attention  should  be  paid  to  the  manner 
in  which  they  are  "  piled"  or  built  together,  so  that  the  pressure 
exerted  by  the  hammer  or  the  rollers  may  be  transmitted  through 
the  whole  mass.  If  this  be  neglected,  the  finished  bar,  plate,  or 
other  piece,  may  show  flaws,  marking  the  divisions  between  the 
bars  of  the  pile. 

Wrought  iron,  although  it  is  at  first  made  more  compact  and 
strong  by  relieating  and  hammering,  or  otherwise  working  it,  soon 
reaches  a  state  of  maximum  strength;  after  which  all  reheating 
and  working  rapidly  make  it  weaker.  Good  bar  iron  has  in  gen- 
eral attained  its  maximum  strength ;  and,  therefore,  in  all  opera- 
tions of  forging  it,  whether  on  a  great  or  small  scale,  by  the 
steam-hammer  or  bv  that  in  the  hand  of  the  blacksmith,  the 
desired  size  and  figure  ought  to  be  given  with  the  least  possible 
amount  of  reheating  and  working. 

It  is  of  great  importance  to  the  strength  of  all  pieces  of  forged 
iron  that  the  continuity  of  Hie  fibres  near  the  surface  should  be  as 
little  interrupted  as  possible;  in  other  words,  that  the  fibres  near 
the  surface  should  lie  in  layers  parallel  to  the  surface.  + 

*  For  fall  information  as  to  the  tests  to  which  iron  and  steel  are  subjected 
by  the  Admiralty  regulations,  reference  may  be  made  to  Chapter  xviii.  of  the 
Treatise,  on  Shipbuilding,  by  E.  J.  Reed,  Esq.,  C.B.,  Chief  Constructor  of  the 
Koyal  Navy. 

t  On  this  subject,  see  a  Paper  by  the  Author  of  this  work,  in  the  Proceed- 
ings  of  the  Institution  of  Civil  Engineers  for  1843.  See  also  the  Transactions 
q/'the  Institution  of  Engineers  in  Scotland  for  1862-63,  pages  37,  41,  43. 
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Another  important  principle  in  designing  pieces  of  forged  iron 
which  are  to  sustain  shocks  and  vibrations,  is  to  avoid  as  much  as 
possible  abrupt  variations  of  dimensions,  and  angular  figures, 
especially  those  with  re-entering  angles;  for  at  the  points  where 
such  abrupt  variations  and  angles  occur,  fractures  are  apt  to 
commence.  If  two  parts  of  a  shaft,  for  example,  or  of  a  beam 
exposed  to  shocks  and  vibrations,  are  to  be  of  different  thicknesses, 
they  should  be  connected  by  means  of  curved  surfaces,  so  that  the 
change  of  thickness  may  take  place  gradually,  and  without  re- 
entering angles. 

392.  steel  nnd  Steely  iron. — Steel  is  a  compound  of  iron  with 
from  05  to  1  -5  per  cent,  of  its  weight  of  carbon.  These,  according 
to  most  authorities,  are  the  only  essential  constituents  of  steel. 

The  term  "steely  iron"  or  "semi-steel"  may  be  applied  to 
compounds  of  iron  with  less  than  0*5  per  cent,  of  carbon.  They 
are  intermediate  in  hardness  and  other  properties  between  steel 
and  malleable  iron. 

In  general  such  compounds  are  the  harder  and  the  stronger,  and 
also  the  more  easily  fusible,  the  more  carbon  they  contain.  Those 
kinds  which  contain  less  carbon,  though  weaker,  are  more  easily 
welded  and  forged,  and  from  their  greater  pliability,  are  the  fitter 
for  pieces  that  are  exposed  to  shocks. 

Impurities  of  different  kinds  affect  steel  injuriously  in  the  same 
way  with  iron. 

There  are  certain  foreign  substances  which  have  a  beneficial 
effect  on  steel.  One  2,000th  part  of  its  weight  of  silicon  causes 
molten  steel  to  cool  and  solidify  without  bubbling  or  agitation ; 
but  a  larger  proportion  is  not  to  be  used,  as  it  would  make  the 
steel  brittle.  The  presence  of  manganese  in  the  iron,  or  its  intro- 
duction into  the  crucible  or  vessel  in  which  steel  is  made,  improves 
the  steel  by  increasing  its  toughness  and  making  it  easier  to  weld 
and  forge. 

Steel  is  distinguished  by  the  property  of  tempering;  that  is  to 
say,  it  can  be  hardened  by  sudden  cooling  from  a  high  temperature, 
and  softened  by  gradual  cooling;  and  its  degree  of  hardness  or 
softness  can  be  regulated  with  precision  by  suitably  fixing  that 
temperature.  The  ordinary  practice  is,  to  bring  all  articles  of 
steel  to  a  high  degree  of  hardness  by  sudden  cooling,  and  then  to 
soften  them  more  or  less  by  raising  them  to  a  temperature  which 
is  the  higher  the  softer  the  articles  are  to  be  made,  and  letting 
them  cool  very  gradually.  The  elevation  of  temperature  previous 
to  the  annealing  or  gradual  cooling  is  produced  by  plunging  the 
articles  into  a  bath  of  a  fusible  metallic  alloy.  The  temperaure 
of  the  bath  ranges  from  430°  to  560°  Fahr. 

According  to  the  experiments  of  Mr.  Kirkaldy,  a  great  increase 
of  strength  is  produced  by  hardening  steel  iu  oil. 
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Steel  is  made  by  various  processes,  which  have  of  late  become 
very  numerous.  They  may  all  be  classed  under  two  heads — viz., 
adding  carbon  to  malleable  iron,  and  abstracting  carbon  from  cast 
iron.  The  former  class  of  processes,  though  the  more  complex, 
laborious,  and  expensive,  is  preferred  for  making  steel  for  cutting 
tools  and  other  fine  purposes,  because  of  its  being  easier  to  obtain 
malleable  iron  than  cast  iron  in  a  high  state  of  purity.  The  latter 
class  of  processes  is  well  adapted  for  making  great  masses  of  steel 
and  steely  iron  rapidly  and  at  moderate  expense.  The  following 
are  some  of  the  different  kinds  of  steel,  and  the  processes  by  which 
they  are  made: — 

Blister  Steel  is  made  by  a  process  called  "cementation"  which 
consists  in  imbedding  bars  of  the  purest  wrought  iron  (such  as 
that  manufactured  by  charcoal  from  magnetic  iron  ore)  in  a  layer 
of  charcoal,  and  subjecting  them  for  several  days  to  a  high  tem- 
perature. Each  bar  absorbs  carbon,  and  its  surface  becomes 
converted  into  steel,  while  the  interior  is  in  a  condition  interme- 
diate between  steel  and  iron.  Cementation  may  also  be  performed 
by  exposing  the  surface  of  the  iron  to  a  current  of  carburetted 
hydrogen  gas  at  a  high  temperature.  Cementation  is  sometimes 
applied  to  the  surfaces  of  articles  of  malleable  iron,  in  order 
to  give  them  a  skin  or  coating  of  steel,  and  is  called  "  case- 
hardeniiig" 

Sliear  Steel  is  made  by  breaking  bars  of  blister  steel  into  lengths, 
making  them  into  bundles  or  fagots,  and  rolling  them  out  at  a 
welding  heat,  and  repeating  the  process  until  a  near  approach  to 
uniformity  of  composition  and  texture  has  been  obtained.  It  is 
used  for  various  tools  and  cutting  implements. 

Cast  Steel  is  made  by  melting  bars  of  blister  steel  in  a  crucible, 
along  with  a  small  additional  quantity  of  carbon  (usually  in  the 
form  of  coal-tar)  and  some  manganese.  It  is  the  purest,  most 
uniform,  and  strongest  steel,  and  is  used  for  the  finest  cutting 
implements. 

Another  process  for  making  cast  steel,  but  one  requiring  a 
higher  temperature  than  the  preceding,  is  to  melt  bars  of  the 
purest  malleable  iron  with  manganese,  and  with  the  whole 
quantity  of  carbon  required  in  order  to  form  steel.  The  quality 
of  the  steel,  as  to  hardness,  is  regulated  by  the  proportion  of 
carbon.  A  sort  of  semi-steel,  or  steely  iron,  made  by  this  process, 
and  containing  a  small  proportion  of  carbon  only,  is  known  as 
homogeneous  metal. 

The  making  of  large  masses  of  steel  by  adding  the  proper 
ingredients  to  liquid  malleable  iron  has  been  much  facilitated  by 
the  use  of  Siemens's  regenerative  furnace,  which  enables  a  very 
high  temperature  to  be  kept  up,  with  an  ease  and  economy 
unknown  before. 
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Steel  made  by  the  air-blast  is  produced  from  molten  pig  iron  by 
Mr.  Bessemer*  s  process.  In  the  first  place,  the  carbon  is  removed 
by  the  air-blast,  so  that  the  vessel  is  full  of  pure  malleable  iron  in 
the  melted  state;  and  then  carbon  is  added  in  the  proper  propor- 
tion, along  with  manganese  and  silicon.  The  usual  way  of  adding 
the  carbon  is  by  running  into  the  vessel  a  sufficient  quantity  of  a 
compound  called  "  spiegeleisen,"  consisting  of  highly  carbonized 
cast  iron  and  manganese.  The  steel  thus  produced  is  run  into 
large  ingots,  which  are  hammered  and  rolled  like  blooms  of 
wrought  iron. 

Puddled  Steel  is  made  by  puddling  pig  iron,  and  stopping  the 
process  at  the  instant  when  the  proper  quantity  of  carbon  remains. 
The  bloom  is  shingled  and  rolled  like  bar  iron. 

The  broken  surface  of  a  piece  of  steel  shows  a  mass  of  very 
small  crystalline  grains,  finer  than  those  of  cast  iron.  Uniformity 
in  the  size  and  colour  of  the  grains  is  a  mark  of  good  steel ;  and 
the  smaller  they  are,  the  finer  and  the  harder  is  its  quality.  In 
fine  cast  steel  the  grains  are  so  small  as  not  to  be  separately  distin- 
guishable by  the  naked  eye ;  and  the  fracture  presents  a  smooth 
but  dull  surface,  of  an  uniform  slate-gray  colour. 

As  to  expansion  by  heat,  see  page  326. 

393.    Strength  of  Wrought  Iron  and  Steel. — The  numerical  results 

of  experiments  on  the  strength  of  wrought  iron  and  steel  will  be 
found  in  the  tables  between  this  chapter  and  the  next 

Wrought  iron,  like  fibrous  substances  in  general,  is  more  tena- 
cious along  than  across  the  fibres ;  and  its  tenacity,  or  resistance  to 
tearing  asunder,  is  greater  than  its  resistance  to  crushing,  except 
when  in  the  form  of  blocks  whose  lengths  are  less  than,  or  but 
little  greater  than,  their  diameters. 

The  ductility  of  wrought  iron  often  causes  it  to  yield  by  degrees 
to  a  load,  so  that  it  is  difficult  to  determine  its  strength  with  pre- 
cision. 

Wrought  iron  has  its  longitudinal  tenacity  considerably  in- 
creased by  rolling  and  wire-drawing;  so  that  the  smaller  sizes  of 
bars  are  on  the  whole  more  tenacious  than  the  larger;  and  iron 
wire  is  more  tenacious  still,  as  is  shown  in  the  Tables. 

Wrought  iron  is  weakened  by  too  frequent  reheating  and 
forging;  so  that,  even  in  the  best  of  large  forgings,  the  tenacity  is 
only  about  three-fourths  of  that  of  the  bars  from  which  the  forgings 
were  made,  and  sometimes  even  less. 

The  strength  both  of  iron  and  steel  is  injured  by  the  action  of 
tools  which  overstrain  the  particles  in  the  neighbourhood  of  the 
portion  of  material  which  they  remove,  and  especially  by  punch- 
ing. In  the  case  of  steel,  the  strength  lost  through  punching  is 
partially,  but  not  wholly,  restored  by  annealing.  The  drilling  of 
holes  has  no  such  weakening  effect 
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Plate  iron  is  somewhat  less  tenacious  crosswise  than  lengthwise; 
but  the  difference  ought  not  to  exceed  about  one-tenth. 

For  details  as  to  co-efficients  of  strength  in  iron  and  steel,  refer- 
ence must  be  made  to  the  tables  of  the  next  chapter;  but  the 
following  short  table  gives  a  condensed  view  of  the  values  of  the 
ultimate  tenacity  which  ought  to  be  shown  by  really  good  bars  and 
plates  of  iron  and  steel,  fit  to  be  used  as  materials  in  making 
machinery : — 

Lbc  on  the      JE*5SK  SUSS 

Iron,  large  forgi ugs, from  40,000  28 

to  50,000  35 

Iron  Plates,  lengthwise, from  50,000  35 

to  60,000  42 
Do.        crosswise,  at  least  90  per 
cent,  of  tenacity  lengthwise. 

Iron  Bars  and  Rods, from  55,ooo  39 

to  65,000  46 

Do.,    rivet  iron,  at  least, 60,000  42 

Iron  Wire, 90,000  63 

Mild  Steel, from  70,000  49 

to  90,000  63 

Hard  Steel, from  90,000  63 

to  110,000  77 

Hardest  Cast  Steel, 130,000  91 

It  is  highly  imjwrtant  also  that  the  iron  and  steel  of  which 
pieces  exposed  to  shocks  and  vibrations  are  to  be  made  should 
]>ossess  toughness;  and  this  may  be  tested  by  observing  in  wfiat 
1>ro})ortion  ths  length  of  the  piece  is  increased  at  the  instant  before 
breaking.  The  ultimate  elongation  of  really  good  and  tough 
specimens  of  iron  and  steel,  as  ascertained  in  Mr.  Kirkaldy's 
experiments,  was  nearly  as  follows,  in  fractions  of  the  original 
length  : — 

Bar  Iron,  from 0*15    to  0-30 

Plate  Iron,  lengthwise,  from 0*04    to  01 7 

Do.         crosswise,  from 0*015  to  o"ii 

Steel  Bars,  from 005    to  0*19 

Steel  Plates,  from 0*03    to  019 

391.  Preservation  of  iron. — Continual  motion,  especially  of  a 
vibratory  kind,  tends  to  prevent  the  rusting  of  iron  and  steel  ;* 
hence  most  of  the  moving  pieces  in  machinery  have  little  or  no 

*  See  Mallet,  "On  the  Corrosion  of  Iron,"  in  the  Reports  of  tite  British 
Association  for  1843  and  1849. 
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need  of  any  special  means  of  protection,  except  shelter  from  the 
weather  and  proper  care  in  keeping  them  clean.  But  the  frame- 
work of  machines  may  often  require  some  protection  against  cor- 
rosion. The  corrosion  of  iron  is  a  sort  of  slow  combustion,  during 
which  the  iron  combines  with  oxygen,  and  produces  rust.  The 
ordinary  methods  of  preserving  iron  consist  principally  in  prevent- 
ing the  access  of  oxygen  to  the  metal. 

Cast  iron  will  often  last  for  a  long  time  without  rusting,  if  care 
be  taken  not  to  injure  its  skin,  which  is  usually  coated  with  a  film 
of  silicate  of  the  protoxide  of  iron,  produced  by  the  action  of  the 
sand  of  the  mould  on  the  iron.  Chilled  surfaces  of  castings  are 
without  that  protection,  and  therefore  rust  more  rapidly. 

The  corrosion  of  iron  is  more  rapid  when  partly  wet  and  partly 
dry,  than  when  wholly  immersed  in  water  or  wholly  exposed  to 
the  air.  It  is  accelerated  by  impurities  in  water,  and  especially 
by  the  presence  of  decomposing  organic  matter  or  of  free  acids.  It 
is  also  accelerated  by  the  contact  of  iron  with  any  metal  which  is 
electro-negative  relatively  to  the  iron,  or,  in  other  words,  has  less 
affinity  for  oxygen  (such  as  copper),  or  with  the  rust  of  the  iron 
itself.  If  two  portions  of  a  mass  of  iron  are  in  different  condi- 
tions, so  that  one  has  less  affinity  for  oxygen  than  the  other,  the 
contact  of  the  former  makes  the  latter  oxidate  more  rapidly.  In 
general,  hard  and  crystalline  iron  is  less  rapidly  oxidable  than 
ductile  and  fibrous  iron.  Cast  iron  and  steel  decompose  rapidly  in 
warm  or  impure  sea- water. 

The  following  are  amongst  the  ordinary  methods  of  preserving 
iron : — 

I.  Boiling  in  coal-tar,  especially  if  the  pieces  of  iron  have  first 
beeu  heated  to  the  temperature  of  melting  lead. 

II.  Heating  the  pieces  of  iron  to  the  temperature  of  melting 
lead,  and  smearing  their  surfaces,  while  hot,  with  cold  linseed  oil, 
which  dries  and  forms  a  sort  of  varnish. 

III.  Painting  with  oil  paint,  which  must  be  renewed  from  time 
to  time.  The  linseed  oil  process  is  a  good  preparation  for  paint- 
ing. 

IV.  Coating  with  zinc,  commonly  called  "galvanizing."  This 
is  efficient,  provided  it  is  not  exposed  to  acids  capable  of  dissolving 
the  zinc ;  but  it  is  destroyed  by  sulphuric  acid  in  the  atmosphere 
of  places  where  much  coal  is  burned.     It  lasts  well  at  sea, 

V.  Coating  with  tin,  applied  to  thin  sheet  iron. 

Section  II. — Of  Various  Metals  and  Alloys. 

395.  zinc— Tin— Lead-— Copper. — These  are  the   metals  which, 
next  to  iron,  occur  most  frequently  in  machinery ;  but^  om«^ft 
their  softness,  none  of  them  are  suited,  in  a  "j>\x?fc  fcXate^fo*  Hxwa»- 
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work  or  for  moving  pieces.  It  is  by  compounding  them,  so  as  to 
form  alloys,  that  sufficient  hardness  is  obtained.  Zinc,  lead,  and 
copper  are  used  for  vessels  to  hold  liquids  which  would  corrode 
iron,  and  for  flexible  tubes;  zinc  and  tin,  as  already  mentioned, 
are  used  for  coating  iron,  to  preserve  it ;  copper,  having  great 
tenacity  when  rolled  and  hammered,  is  used  for  making  boilers 
into  which  substances  are  to  be  introduced  which  would  be  in- 
jurious to  iron,  or  be  injured  by  it;  also  for  making  rivets  for 
leather  driving-belts. 

As  to  the  heaviness  of  those  metals,  see  pages  327,  328;  as  to 
their  expansion  by  heat,  see  pages  326,  327 ;  as  to  their  strength, 
see  the  tables  of  the  next  chapter.  Their  melting  points  are  as 
follows : — 

Fahrenheit  Centigrade. 

Tin, 4260  2190 

Lead, 630  332 

Zinc, about  700  about  370 

Copper,  about  2550  about  1400 

396.  Bronze  and  Brass  are  the  names  given  to  alloys  of  copper 
with  tin  and  with  zinc.  The  name  brass,  in  common  language,  is 
applied  to  such  alloys  indiscriminately;  but,  strictly  speaking, 
bronze  is  the  proper  name  of  the  alloys  of  copper  with  tin  ;  brass, 
that  of  the  alloys  of  copper  with  ziuc. 

Bronze  is  at  least  equal  to  copper  in  tenacity,  and  is  consider- 
ably superior  in  hardness  and  resistance  to  crushing.  Brass  is 
interior  to  copper  in  strength.  Both  bronze  and  brass  make  good 
castings,  which  quality  is  not  possessed  by  copper. 

These  properties  render  bronze  and  brass  (and  especially  bronze, 
where  strength  is  required)  suitable  both  for  framework  and  for 
moving  pieces  in  machinery. 

Bronze  is  used,  in  particular,  for  the  bushes  or  bearings  of  rotat- 
ing shafts,  because  it  has  the  hardness  requisite  for  durability,  and 
at  the  same  time  is  not  so  hard  and  durable  as  iron.  This  latter 
quality  ensures  that  the  shaft  shall  not  be  worn  by  the  bearing, 
but  the  bearing  by  the  shaft. 

As  zinc  is  cheaper  than  tin,  alloys  of  copper  with  ziuc  are  pre- 
ferable to  those  of  copper  with  tin  in  those  cases  in  which  strength 
and  durability  are  of  secondary  importance. 

The  following  general  principle  should  be  observed  in  the  manu- 
facture of  all  alloys  whatsoever,  as  being  essential  to  the  soundness, 
strength,  and  durability  of  the  compound  metal : — The  quantities 
of  the  constituents  should  bear  definite  atomic  proportions  to  eacJi 
other. 

For  example,  the  chemical  equivalents  of  copper,  tin,  ziuc,  and 
lead  bear  to  each  other  the  following  proportions  : — 
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Copper. 

63-5 


Tin. 
Il8 


Zinc 
65.2 


207 


and  the  proportions  in  which  they  are  combined  in  any  alloy  should 
be  expressed  by  multiples  of  those  numbers. 

When  this  rule  is  not  observed,  the  metal  produced  is  not  a 
homogeneous  compound,  but  a  mixture  of  two  or  more  different 
compounds  in  irregular  masses,  shown  by  a  mottled  appearance 
when  broken;  and  those  masses  being  different  in  expansibility 
and  elasticity,  tend  to  separate  from  each  other ;  and  being  different 
in  chemical  composition,  they  produce  electric  circuits  and  promote 
corrosion. 

The  following  is  a  list  of  the  most  useful  alloys  of  copper  with 
tin  and  zinc  : — 


CojirosrnoK. 
Br  Equivalents*       By  Weight. 


Copper. 
12 

16 

18 
20 


Tin. 

I 


Copper. 
762 
889 


Tin. 
Il8 
Il8 


I        IOl6       Il8 


I 
I 


1143 
I270 


Il8 
118 


{ 
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-\    r 


Alloys  or  Copras  with  Tor. 

Very  hard  bronze. 

Hard  bronze  for  machinery  bearings. 

Bronze,  or  gun- metal :  contracts  in  cool* 

ing  from  its  melting  point,  \hs. 
Bronze  somewhat  softer. 
Soft  bronze  for  toothed  wheels,  &c. 


Alloys  or  Coppkb  with  Zinc. 


Copper.     Zinc.    Copper.       Zinc. 

4         i       254       65.2     Malleable  brass. 

>j        (Ordinary  brass:    melting  point,  1869* 
~7         5-     J      Fahr.  :  contracts  in  cooling,  *V 

f  Yellow  metal  for  sheathing  and  fasten- 
y    °    °    T  j      ings  of  ships. 


3 

4 


f.  i  Spelter-solder,  for  brazing   copper  and 
3      254     195-°  \      ;w,„ 


\ 


iron. 


Various  alloys  of  copper,  tin,  and  zinc  are  used  in  machinery, 
and  may  be  regarded  as  modifications  of  true  bronze,  produced  by 
substituting  one  or  two  equivalents  of  zinc  for  tin.  They  are  less 
expensive  than  true  bronze,  but  not  so  tough. 

397.  other  Alio?*. — The  strongest  of  all  alloys  yet  known  is 
Aluminium  Bronze,  as  a  reference  to  the  tables  of  the  strength  of 
metals  will  show.  Different  sorts  contain  from  5  to  10  per  cent, 
of  aluminium,  and  from  95  to  90  per  cent,  of  copper;  and  if  31*5 
be  taken  as  the  equivalent  of  copper,  and  13*7  as  that  of  aluminium, 
their  atomic  constitution  is  probably  from  8  to  4  equivalents  of 
copper  to  1  equivalent  of  aluminium. 
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Alloys  of  copper  with  lead,  called  pot-metal,  are  used  for  oocb 
and  valves  where  strength  is  unimportant ;  but  they  are  weak  and 
brittle ;  and  in  bronze  for  bearings,  lead  is  an  adulteration. 

Soft  Metal,  or  Babbitt's  Metal,  consists  of  50  parts  of  tin,  1  of 
copper,  and  5  of  antimony.  It  may  be  considered  as  a  sort  of 
metallic  grease.  It  is  used  to  make  bearings  for  heavily  loaded 
shafts,  in  the  following  way : — A  bronze  or  cast-iron  bush  is  pre- 
pared, with  a  recess  about  a  quarter  of  an  inch  deep  in  its  bearing- 
surface,  bounded  at  the  ends  by  ledges,  to  prevent  the  soft  metal 
from  escaping;  the  soft  metal  in  a  melted  state  is  run  into  that 
recess,  either  round  a  core  of  the  shape  and  size  of  the  journal  or 
round  the  journal  itself. 

Soft  Solder,  used  for  soldering  tin-plate,  when  of  the  best 
quality,  is  a  compound  of  4  equivalents  of  tin  to  1  of  lead;  or  by 
weight,  very  nearly  2  parts  of  tin  to  1  of  lead.  It  melts  at  360° 
Fahr.     Its  ultimate  tenacity  is  about  7,500  lbs.  on  the  square  inch. 

Section  III. — Of  some  Stony  Material*. 

398.  stone  Rm rings  for  shnfts  have  occasionally  been  used.  The 
natural  stones  tit  for  this  purpose  are  those  which  are  wholly  free 
from  grittiness,  and  are  somewhat  inferior  in  hardness  to  iron; 
such  as  gypsum,  pure  clay  slate,  pure  compact  limestone  and 
marble,  and  silicate  of  magnesia,  or  soapstone,  the  last  being  the 
best  Stones  containing  crystals  of  quartz,  such  as  sandstone, 
sandy  limestones  and  slates,  &c,  are  not  suitable.  A  material 
called  adamas  is  sometimes  used  for  bearings :  it  consists  of  silicate 
of  magnesia  ground,  calcined,  moulded  by  hydraulic  pressure  into 
blocks  of  suitable  figures,  and  baked.  The  advantage  of  silicate  of 
magnesia  consists  in  its  combining  a  certain  greasiness  of  surface 
with  a  degree  of  hardness  sufficient  for  durability. 

Section  IV. — Of  Wood  and  other  Organic  Materials. 

399.  structure  of  Wood. — Wood  is  the  material  of  trees  belong- 
ing almost  exclusively  to  that  class  of  the  vegetable  kingdom  in 
which  the  stem  grows  by  the  formation  of  successive  layers  of 
wood  all  over  its  external  surface,  and  is  therefore  said  by  botanists 
to  be  exogenous. 

The  tissues  of  which  wood  consists  are  distinguished  into  two 
kinds — cellular  tissue,  consisting  of  clusters  of  minute  eells;  aud 
vascular  tissue,  or  woody  fibre,  consisting  of  bundles  of  slender 
tubes,  the  latter  being  distinguished  from  the  former  by  its  fibrous 
appearance.  The  difference,  however,  between  those  two  kinds  of 
tissue,  although  very  distinct  both  to  the  eye  and  to  the  touch,  is 
really  one  of  degree  rather  than  of  kind;  for  the  fibres  or  tubes  of 
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vascular  tissue  are  simply  very  much  elongated  cells,  tapering  to 
points  at  the  ends,  and  breaking  joint  with  each  other. 

The  tenacity  of  wood  when  strained  along  the  grain  depends  on 
the  tenacity  of  the  walls  of  those  tubes  or  fibres;  the  tenacity  of 
wood  when  strained  across  the  grain  depends  on  the  adhesion  of 
the  sides  of  the  tubes  and  cells  to  each  other.  Examples  of  the 
difference  of  strength  in  those  different  directions  are  given  in  the 
tables. 

When  a  woody  stem  is  cut  across,  the  cellular  and  vascular 
tissues  are  seen  to  be  arranged  in  the  following  manner  : — 

In  the  middle  of  the  stem  is  the  pith,  composed  of  cellular  tissue, 
inclosed  in  the  medullary  sJieath,  which  consists  of  vascular  tissue 
of  a  particular  kind.  From  the  pith  there  exteud,  radiating 
outwards  to  the  bark,  thin  partitions  of  cellular  tissue,  called 
medullary  rays;  between  these,  additional  medullary  rays  extend 
inwards  from  the  bark,  to  a  greater  or  less  distance,  but  without 
pen  etra ting  to  the  pith. 

When  the  medullary  rays  are  large  and  distinct,  as  in  oak,  they 
are  called  "  silver  grain." 

Between  the  medullary  rays  lie  bundles  of  vascular  tissue,  forming 
the  woody  fibre,  arranged  in  nearly  concentric  rings  or  layers  round 
the  pith.  In  most  cases  each  ring  is  the  result  of  a  year's  growth 
of  the  tree.  These  lings  are  traversed  radially  by  the  medullary 
rays.  The  boundary  between  two  successive  rings  is  marked  more 
or  less  distinctly  by  a  greater  degree  of  porosity,  and  by  a  difference 
of  hardness  and  colour. 

The  rings  are  usually  thicker  at  that  side  of  the  tree  which  has  had 
most  air  and  sunshine,  so  that  the  pith  is  not  exactly  in  the  centre. 

The  wood  of  the  entire  stem  may  be  distinguished  into  two 
parts — the  outer  and  younger  portion,  called  "  sap^toood"  being 
softer,  weaker,  and  less  compact,  and  sometimes  lighter  in  colour 
than  the  inner  and  older  portion,  called  " heart-wood"  The  heart- 
wood  is  alone  to  be  employed  in  those  structures  and  machines  in 
which  strength  and  durability  are  required. 

The  number  of  rings  of  sap-wood  ranges  from  five  to  forty  and 
upwards  in  different  sorts  of  wood,  and  is  greatest  in  trees  of  the 
pine  and  fir  kind. 

The  structure  of  a  branch  is  similar  to  that  of  the  trunk  from 
which  it  springs,  except  as  regards  the  difference  in  the  number  of 
annual  rings,  corresponding  to  the  difference  of  age.  A  branch 
becomes  partially  imbedded  in  those  layers  of  the  trunk  which  are 
formed  after  the  time  of  its  first  sprouting;  it  causes  a  perforation 
in  those  layers,  accompanied  by  distortion  of  the  fibres,  and  consti- 
tutes what  is  called  a  knot.  (On  various  matters  mentioned  in 
this  Article,  see  Balfour's  Manual  of  Botany,  Part  I.,  chapters 
i.  and  ii.) 

2h 
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400.  ci«— wet!—  or  w*«d. — For  mechanical  purposes,  trees  may 
be  classed  according  to  the  structure  of  the  wood ;  and  upon  a  com- 
parison of  that  structure  in  different  kinds  of  trees,  a  division  into 
two  great  classes  at  once  suggests  itself,  which  exactly  corresponds 
with  a  botanical  division,  viz. : — 

Pine- Wood,  comprising  all  timber  trees  belonging  to  the  coni- 
ferous order;  and 

Leaf- Wood,  comprising  all  other  timber  trees. 

Beyond  this  primary  division,  the  place  of  a  tree  in  the  botanical 
system  has  little  or  no  connection  with  the  structure  of  its  timber. 

In  the  following  table  those  two  great  classes  are  subdivided 
according  to  a  system  proposed  by  Tredgold,  founded,  in  the  first 
place,  on  the  greater  or  less  distinctness  of  the  medullary  rays  :— 

Class  I. — Pine- Wood.     (Natural  order  Coniferce.) 

Examples:  Pine,  Fir,  Larch,  Cowrie,  Yew,  Cedar, 
Juniper,  Cypress,  Ac 

Class  IX — Leaf- Wood.     (Non-coniferous  trees.) 

Division  1. — With  distinct  large  medullary  rays. 

(The  trees  in  this  division  form  part  of  the 
natural  order  Amentacece.) 

Subdivision  1. — Annual  rings  distinct. 
Example :  Oak. 

Subdivision  2. — Annual  rings  indistinct 

Examples  :  Beech,  Plane,  Sycamore,  <fec. 

Division  2. — Without  distinct  large  medullary  raya 

Subdivision  1. — Annual  rings  distinct. 
Examples  :  Chestnut,  Ash,  Elm,  <fcc. 

Subdivision  2. — Annual  rings  indistinct 

Examples  :  Mahogany,  Walnut,  Box,  Teak,  Green- 
heart,  Mora,  Lignum-vitse,  <fcc. 

The  chief  practical  bearings  of  the  foregoing  classification  are 
as  follows : — 

Pine-wood,  or  coniferous  timber,  in  most  cases  contains  turpen- 
tina  It  is  distinguished  by  straightness  in  the  fibre  and  regularity 
in  the  figure  of  the  trees;  qualities  favourable  to  its  use  for  long 
pieces  in  framework.  At  the  same  time,  the  lateral  adhesion  of 
the  fibres  is  small,  so  that  it  is  much  more  easily  shorn  and  split 
along  the  grain,  or  torn  asunder  across  the  grain,  than  leaf-wood; 
and  is  therefore  less  fitted  to  resist  thrust  or  shearing  stress,  or 
any  kind  of  stress  that  does  not  act  along  the  fibres.  Even  the 
toughest  kinds  of  pine-wood  are  easily  wrought;  and  this  quality, 
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combined  with  lightness  and  sttffhess,  makes  certain  kinds,  such 
as  deal,  specially  well  suited  for  making  patterns  for  large  castings. 
A  peculiar  characteristic  of  pine-wood  (but  one  which  requires 
the  microscope  to  make  it  visible)  is  that  of  having  the  vascular 
tissue  " punctated }"  that  is  to  say,  there  are  small  lenticular 
hollows  in  the  sides  of  the  tubular  fibres.  This  structure  is  prob- 
ably connected  with  the  smallness  of  the  lateral  adhesion  of 
those  fibres  to  each  other.  Pine-wood  is,  on  the  whole,  inferior  to 
leaf-wood  for  works  of  carpentry  and  machinery  in  exposed 
situations ;  because  the  strong  kinds  (as  pine  and  fir)  are  deficient 
in  durability;  and  the  durable  kinds  (as  cedar  and  cypress)  are 
deficient  in  strength. 

In  Leaf-wood,  or  non-coniferous  timber,  there  is  no  turpentine. 
The  degree  of  distinctness  with  which  the  structure  is  seen,  whether 
as  regards  medullary  rays  or  annual  rings,  depends  on  the  degree 
of  difference  of  texture  of  different  parts  of  the  wood.  Such 
difference  tends  to  produce  unequal  shrinking  in  drying;  and 
consequently  those  kinds  of  wood  in  which  the  medullary  rays  and 
the  annual  rings  are  distinctly  marked,  are  more  liable  to  warp 
than  those  in  which  the  texture  is  more  uniform.  At  the  same 
time,  the  former  kinds  of  wood  are,  on  the  whole,  the  more 
flexible,  and  in  many  cases  are  very  tough  and  strong,  which 
qualities  make  them  suitable  for  pieces  that  have  to  bear  shocks. 

401.  Appearance  of  Good  Timber. — There  are  certain  appear- 
ances which  are  characteristic  of  strong  and  durable  wood,  to  what 
class  soever  it  belongs.  In  the  same  species  of  wood,  that  specimen 
will  in  general  be  the  strongest  and  the  most  durable  which  has 
grown  the  slowest,  as  shown  by  the  narrowness  of  the  annual 
rings. 

The  cellular  tissue,  as  seen  in  the  medullary  rays  (when  visible), 
should  be  hard  and  compact. 

The  vascular  or  fibrous  tissue  should  adhere  firmly  together,  and 
should  show  no  woolliness  at  a  freshly-cut  surface ;  nor  should  it 
clog  the  teeth  of  the  saw  with  loose  fibres. 

If  the  wood  is  coloured,  darkness  of  colour  is  in  general  a  sign 
of  strength  and  durability. 

The  freshly-cut  surface  of  the  wood  should  be  firm  and  shining, 
and  should  have  somewhat  of  a  translucent  appearance.  A  dull, 
chalky  appearance  is  a  sign  of  bad  timber. 

In  wood  of  a  given  species,  the  heavier  specimens  are  in  general 
the  stronger  and  the  more  lasting. 

Amongst  resinous  woods,  those  which  have  least  resin  in  their 
pores,  and,  amongst  non-resinous  woods,  those  which  have  least 
sap  or  gum  in  them,  are  in  general  the  strongest  and  most  last- 
ing. 

Timber  should  be  free  from  such  blemishes  a&  u  <tafta?  «c  <2cw3ka 
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radiating  from  the  centre ;  "  cup-shakes,"  or  cracks  which  partially 
separate  one  annual  layer  from  another;  "upsets,"  where  the  fibres 
have  been  crippled  by  compression ;  "  rind-galls,"  or  wounds  in  a 
layer  of  the  wood,  which  have  been  covered  and  concealed  by 
the  growth  of  subsequent  layers  over  them;  and  hollows,  or  spongy 
places,  in  the  centre  or  elsewhere,  indicating  the  commencement  of 
decay. 

402.  Example*  of  Piae-w**d. — The  following  are  a  few  ex- 
amples of  timber  of  this  class : — 

I.  Pine  timber  is  the  wood  of  various  species  of  the  genus 
Pinus,  the  best  being  that  of  the  Red  Pine,  or  Scottish  Fir  (Pinus 
sylvestris),  grown  in  the  north  of  Europe.  This  wood  is  stiflj 
strong,  and  straight-grained,  and  well  suited  for  large  framing. 

Pine  timber  is  also  obtained  from  various  other  species,  chiefly 
North  American,  of  which  the  best  are  the  Yellow  Pine  (Pinus 
variabilis)  and  White  Pine  {Pinus  Strobus).  It  is  softer  and  less 
durable  than  the  Red  Pine  of  the  north  of  Europe,  but  lighter,  and 
can  be  had  in  larger  logs. 

Timber  similar  in  its  properties  to  the  best  kinds  of  pine  is 
produced  by  the  Kauri  or  Cowrie  of  New  Zealand  (Dammara 
Australia). 

II.  White  Fir,  or  Deal  timber  of  the  best  kind,  is  the  wood  of 
the  Spruce  Fir  (Abies  excelsa),  grown  in  the  north  of  Europe. 

This  is  an  excellent  kind  of  timber  for  light  framing  and  joiners' 
work,  and  is  specially  well  suited  for  making  patterns  of  machinery. 

Amongst  other  kinds  of  spruce  tir  applied  to  the  same  purposes 
are  the  North  American  White  Spruce  (Abies  alba),  and  Black 
Spruce  (Abies  nigra). 

403.  Examples  of  Jjeaf-W«od  witk  Ijarge  Rays. — I.   Oak  timber 

belongs  to  the  first  subdivision  of  Tredgold's  system.  It  is  the 
strongest,  toughest,  and  most  lasting  of  those  grown  in  temperate 
climates,  and  is  well  suited  for  framing  in  which  strength,  tough- 
ness, and  durability  are  required ;  but  it  has  in  general  the  defect, 
which  is  a  serious  one  as  regards  machinery,  of  being  subject  to 
warp.  It  is  obtained  from  various  species  or  varieties  of  the 
botanical  genus  Quercus. 

The  wood  of  the  oak  contains  gallic  acid,  which  contributes  to 
the  durability  of  the  timber,  but  corrodes  iron.  Metal  fastenings 
for  oak  should  therefore  be  of  copper,  or  its  alloys;  or,  if  of  iron, 
they  should  be  well  coated  with  zinc. 

The  following  are  examples  of  trees  belonging  to  Tredgold's 
second  subdivision : — 

II.  Beech  (Fagus  sylvatica),  common  in  Europe. 

III.  American  Plane  (Platanus  occidentalis),  common  in  North 
America. 

IV.  Sycamore  (Acer  pseudo-platanus),  also  called  Great  Mapble, 
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and  in  Scotland  and  the  north  of  England,  Plane;  common  in 
Western  Europe. 

All  these  afford  compact  wood  of  uniform  texture.  They  are 
valuable  for  blocks  which  have  to  resist  a  crushing  force.  They  last 
well  when  constantly  wet  (especially  beech),  but  when  alternately 
wet  and  dry  they  decay  rapidly. 

404.  Examples  of  Leaf- Wood  without  Large  Rays. — The  examples 

of  timber  in  this  Article  belong  to  the  first  subdivision  of  the 
second  division  according  to  Tredgold's  system,  having  no  large 
distinct  medullary  rays,  and  having  the  divisions  between  the 
annual  rings  distinctly  marked  by  a  more  porous  structure.  They 
are  in  general  strong,  but  flexible;  and  therefore,  in  machinery, 
they  are  suitable  for  pieces  in  which  the  power  of  bearing  shocks 
is  of  more  importance  than  rigidity. 

I.  The  Ash  (Fraxinus  excelsior)  furnishes  timber  whose  tough- 
ness and  flexibility  render  it  superior  to  that  of  all  other  European 
trees  for  making  handles  of  tools,  shafts  of  carriages,  spokes  of 
wooden  wheels,  and  the  like;  but  which  is  not  sufficiently  stiff  and 
din-able  to  be  used  in  framing. 

II.  The  common  Elm  (Ulmus  campestris)  and  smooth-leaved 
Elm  (Ulmus  glabra)  yield  timber  which  is  very  durable  when 
constantly  wet,  but  not  when  alternately  wet  and  dry.  Its  strength 
across  the  grain,  and  its  resistance  to  crushing,  are  comparatively 
great;  and  these  properties  render  it  useful  for  some  parts  of 
mechanism,  such  as  cogs  of  wheels  and  shells  of  ships'  blocks. 
There  are  other  European  species  of  elm,  such  as  the  Wych  Elm 
( Ulmus  montana) ;  but  their  timber  is  inferior  to  that  of  the  two 
species  named. 

A  North  American  species,  the  Rock  Elm,  is  said  to  be  not  only 
durable  under  water,  but  straight-grained  and  tough,  so  as  to  be 
well  suited  for  framing. 

405.  Examples  of  Leaf-Wood  without   Large  Rays   contlaned. — 

The  kinds  of  timber  mentioned  in  this  Article  are  examples  of  the 
second  subdivision  of  Tredgold's  second  division,  having  no  large 
distinct  medullary  rays,  and  no  distinct  difference  of  compactness 
in  the  rings.  This  uniformity  of  structure  is  accompanied  by 
comparative  freedom  from  warping;  and  hence  this  subdivision 
contains  various  sorts  of  wood  which  are  specially  well  adapted 
both  for  framing  and  for  moving  pieces  in  machinery,  where  ac- 
curacy and  constancy  of  form  are  required. 

I.  Mahogany  (Surietenia  Mahagoni)  is  produced  in  Central 
America  and  the  West  India  Islands—that  of  the  former  region 
being  commonly  known  as  "  Bay  Mahogany ;"  that  of  the  latter,  as 
"  Spanish  Mahogany."  When  of  good  quality,  it  is  very  straight- 
grained,  very  strong  in  all  directions  (though  easily  split  alon^  tta 
grain),  very  durable,  and  preserves  its  shape  \roAet  nwtjyr^  ^^^ 
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stances  as  to  heat  and  moisture,  better  than  any  other  kind  of 
timber  which  can  be  procured  in  equal  abundance.  Mahogany 
varies  much  in  quality ;  bay  mahogany  being  in  general  superior  to 
Spanish  mahogany  in  strength,  stiffness,  and  durability,  and  in  the 
size  of  the  logs,  which  are  from  24  to  48  inches  square.  Bay 
mahogany  of  good  quality  is  probably  the  best  of  all  timber  for  the 
framing  of  machinery.  Spanish  mahogany  is  the  more  highly 
valued  for  ornamental  purposes.  Spanish  mahogany  is  distin- 
guished by  having  a  white  chalky  substance  in  its  pores,  those  of 
bay  mahogany  being  empty. 

II.  Lignum- viTiE  (Guaiacum  officinale)  is  produced  in  the  West 
India  Islands.  It  is  remarkable  for  heaviness,  compactness,  tough- 
ness, and  hardness,  and  for  the  property  of  resisting  a  crushing 
force  with  nearly  equal  strength  across  and  along  the  grain — a 
property  which  makes  it  specially  useful  for  rollers,  sheaves,  and 
other  moving  pieces  in  mechanism.  In  converting  logs  into 
sheaves,  the  direction  of  the  fibre  of  the  timber  is  parallel  to  the 
axis  of  the  sheave.  The  heart-wood  is  yellowish-green,  the  sap- 
wood  greenish-yellow ;  and  it  is  considered  advisable,  in  cutting  it 
into  pieces  suitable  for  sheaves,  to  leave  a  ring  of  sap-wood  all 
round  the  heart-wood,  which  is  thus  protected  against  too  rapid 
drying,  and  prevented  from  splitting. 

Properties  similar  to  those  of  Lignum- vitae  are  possessed  by  Box- 
wood (Buxus  sempervirens),  Ebony  (Brya  ebenus,  and  other  genera 
and  species),  Ironwood  (Mesua  Nagaha),  and  various  other  woods, 
chiefly  tropical 

The  same  subdivision  embraces  various  kinds  of  timber  grown 
in  tropical  climates,  which  are  highly  valued  for  shipbuilding  pur- 
poses, and  which  would  be  suitable  also  for  the  framing  of  machines 
— such  as  the  Teak  (Tectona  grandia)  and  Saul  (Shorea  robusta)  of 
India,  and  the  Greenheart  (Nectandra  Bodicei),  Mora  (Mora  ex- 
cdea),  and  Sabicu  (Acacia  proximo)  of  South  America  and  the  West 
Indies. 

406.  SeavoaiMg. — Seasoning  timber  consists  in  expelling,  as  far 
as  possible,  the  moisture  which  is  contained  in  its  pores. 

Natural  Seasoning  is  performed  simply  by  exposing  the  timber 
freely  to  the  air  in  a  dry  place,  sheltered,  if  possible,  from  sun- 
shine and  high  winds.  The  seasoning  yard  should  be  paved  and 
well  drained,  and  the  timber  supported  on  stone  or  cast-iron 
bearers,  and  piled  so  as  to  admit  of  the  free  circulation  of  air  over 
all  the  surfaces  of  the  pieces. 

Natural  seasoning  to  fit  timber  for  carpenters'  work,  usually 
occupies  about  two  years;  for  joiners*  work  and  machinery,  about 
four  years;  but  much  longer  periods  are  sometimes  employed. 

To  steep  timber  in  water  for  a  fortnight  after  felling  it,  extracts 
part  of  the  sap,  and  makes  the  drying  process  more  rapid. 
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Artificial  Seasoning  consists  in  drying  the  timber  in  an  oven  by 
means  of  a  current  of  hot  air.  It  occupies  from  seven  to  nine 
days  for  each  inch  of  the  thickness  of  the  piece  of  timber. 

In  the  course  of  drying,  timber  loses  weight  and  shrinks  in  its 
transverse  dimensions.  The  loss  of  weight  ranges  in  different 
examples  from  6  per  cent  to  40  per  cent.;  and  the  transverse 
shrinking  from  2  per  cent,  to  8  per  cent,  the  most  common  rate 
being  3  per  cent  The  sorts  of  wood  which  shrink  most  in 
drying  are  the  most  subject  to  warp. 

407.    Durability,   Decay,  nmd    Preserratioa  of  Wood. — All    kinds 

of  timber  are  more  lasting  when  kept  constantly  dry,  and  at  the 
same  time  freely  ventilated. 

Timber  kept  constantly  wet  is  softened  and  weakened;  but  it 
does  not  necessarily  decay.  Various  kinds  of  timber,  some  of 
which  have  been  already  mentioned,  such  as  greenheart,  elm  and 
beech,  possess  great  durability  in  that  condition. 

The  situation  which  is  least  favourable  to  the  duration  of  timber 
is  that  of  alternate  wetness  and  dryness,  or  of  a  slight  degree  of 
moisture,  especially  if  accompanied  by  heat  and  confined  air. 

Timber  exposed  to  confined  air  alone,  without  the  presence  of 
any  considerable  quantity  of  moisture,  decays  by  " dry  rot"  which 
is  accompanied  by  the  growth  of  a  fungus,  and  finally  converts  the 
wood  into  a  fine  powder. 

Amongst  the  most  efficient  means  of  preserving  wood,  are  good 
seasoning  and  the  free  circulation  of  air. 

Protection  against  moisture  is  afforded  by  oil  paint,  provided 
that  the  timber  is  perfectly  dry  when  first  painted,  and  that  the 
paint  is  renewed  from  time  to  time.  A  coating  of  pitch  or  tar 
may  be  used  for  the  same  purpose. 

Protection  against  the  dry  rot  may  be  obtained  by  saturating 
the  timber  with  solutions  of  metallic  salts,  such  as  sulphate  of  iron, 
sulphate  of  copper,  bichloride  of  mercury,  and  chloride  of  zinc 

Timber  is  protected  against  wet  rot,  dry  rot,  and  white  ants,  by 
saturation  with  the  liquid  called  commercially  "  creosote,"  which  is 
a  kind  of  pitch  oil. 

408.  strength  of  Timber. — Amongst  different  specimens  of 
timber  of  the  same  species,  those  which  are  most  dense  in  the  dry 
state  are  in  general  also  the  strongest 

Tables  of  the  results  of  experiments  on  the  strength  of  different 
kinds  of  timber,  strained  in  various  ways,  are  given  in  the  next 
chapter. 

The  following  are  some  general  remarks  as  to  the  different  ways 
in  which  the  strength  of  timber  is  exerted : — 

I.  The  Tenacity  along  the  grain,  depending,  as  it  does,  on 
the  tenacity  of  the  fibres  of  the  vascular  tissue,  is  oa  ti&a  ^tal* 
greatest  in  those  kinds  and  pieces  of  vrood  m  ^iViVJfcL  ^wsfc  iSvswa 
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are  straightest  and  most  distinctly  marked.  It  is  not  materially 
aftected  by  temporary  wetness  of  the  timber,  but  is  diminished 
by  long-continued  saturation  with  water,  and  by  steaming  and 
boiling. 

The  Tenacity  across  tJie  grain,  depending  chiefly  on  the  lateral 
adhesion  of  the  fibres,  is  always  considerably  less  than  the  tenacity 
along  the  grain,  and  is  diminished  by  wetness  and  increased  by 
dryness.  Very  few  exact  experiments  have  been  made  upon  it 
Its  smallness  in  pine- wood  as  compared  with  leaf- wood  forms  a 
marked  distinction  between  those  two  classes  of  timber,  the  pro- 
portion which  it  bears  to  the  tenacity  along  the  grain  having  been 
found  to  be,  by  some  experiments — 

In  pine- wood,  from  l-20fch  to  l-10th. 

In  leaf-wood,  from  l-6th  to  l-4th  and  upwards. 

II.  The  Resistance  to  SJiearing,  by  sliding  of  the  fibres  on  each 
other,  is  the  same,  or  nearly  the  same,  with  the  tenacity  across  the 
grain. 

III.  The  Resistance  to  Crushing  along  the  grain,  depending,  as 
it  does,  on  the  resistance  of  the  fibres  to  being  crippled,  or  "  upset," 
and  split  asunder,  is  greatest  when  their  lateral  adhesion  is  greatest, 
and  was  found  by  Mr.  Hodgkinson  to  be  nearly  twice  as  great  for 
dry  timber  as  for  the  same  timber  in  the  green  state.  In  most 
kinds  of  timber,  when  dry,  it  ranges  from  one-half  to  two-thirds  of 
the  tenacity. 

Experiments  have  been  made  on  the  crushing  of  timber  across 
the  grain,  which  takes  place  by  a  sort  of  shearing;  but  they  have 
not  led  to  any  precise  result,  except  that  timber  in  general  is  both 
more  compressible  and  weaker  agaiust  a  transverse  than  agaiust  a 
longitudinal  pressure;  and  consequently,  that  intense  transverse 
compression  of  pieces  of  timber  ought  to  be  avoided.  Certain 
special  kinds  of  timber  are  valued  for  the  property  of  resisting 
compression  across  the  grain  well  Of  these  the  most  generally 
used  is  lignuni-vitse,  already  mentioned  in  Article  405,  page  470. 

IV.  The  Modulus  of  Rupture  of  timber,  which  expresses  its 
resistance  to  cross-breaking,  is  usually  somewhat  less  than  its  tenacity; 
but  seldom  much  less. 

409.  Um  of  Wood  in  iTinchiaery. — The  following  tabular  ar- 
rangement of  the  more  ordinary  kinds  of  wood,  according  to  the 
purposes  in  machinery  to  which  they  are  applicable,  is  principally 
based  on  a  similar  table  given  by  Holtzapffel  in  his  treatise  on 
Mecltanical  Manipulation. 

Framework. 

Strong,  stiff,  durable,  and  free  from  warping. 
Mahogany. 
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Strong  longitudinally,  stiff,  and  straight-grained. 
Pine,  Deal. 

Strong,  tough,  and  durable* 
Oak,  Teak,  SauL 

Tough  and  pliable. 
Ash. 

Strong  against  pressure. 

Elm  (durable  when  wet),  Beecn. 

Levers  and  Connecting-Rods. 

Strong  and  stiff. 

Pine,  Deal,  Mahogany. 

Strong  and  tough. 
Oak,  Teak. 

Tough  and  pliable. 

Ash,  Hazel,  Hickory,  Lance  wood. 

Pulleys,  Sheaves,  Hollers. 

Lignum-vitse,  Box,  Mahogany. 

Bearings  for  Shafts. 

Box,  Beech,  Holly,  Lignum-vitre,  Elm. 

When  wood  is  used  for  bearings,  the  ends  of  the  fibres  should  be 
exposed  to  the  pressure. 

Cogs. 

Crabtree,  Hornbeam,  Locust,  Beech. 

Patterns. 

Deal,  Mahogany,  Pine,  Alder. 

In  machinery  whose  speed  is  liable  to  be  suddenly  changed  or 
checked,  it  is  often  useful  to  make  some  of  the  parts  which  trans- 
mit the  motion  of  wood,  although  the  whole  of  the  remainder  may 
be  of  iron;  the  object  being  that  the  wood,  by  yielding  to  a  shock, 
may  prevent  it  from  damaging  the  iron ;  and  also  that  in  the  event 
of  breakage  occurring,  it  may  take  place  in  the  wooden  parts,  which 
can  be  replaced  more  easily  and  at  less  cost  than  the  iron  parts. 

For  example,  the  great  spur  fly-wheel  by  means  of  which  a 
steam  engine  or  a  water-wheel  drives  the  machinery  of  a  mill  is 
very  generally  a  mortise-wheel;  that  is  to  say,  a  cast-iron  wheel 
with  rectangular  sockets  called  mortises  in  its  rim,  into  which  are 
fitted  wooden  teeth  called  cogs.  The  pinion  which  those  teeth 
drive  is  wholly  of  cast  iron.  Wooden  cogs  are  made  double  the 
thickness  of  cast-iron  teeth  that  have  to  bear  the  same  pressure. 

Another  instance  of  the  application  of  the  earn*  ^xm^V^S^^Vvi.^ 
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in  a  steam  engine  that  drives  an  iron  rolling  mill,  the  middle  put 
of  the  thickness  of  the  connecting-rod,  which  transmits  thrust*  u 
made  of  wood,  the  tension  being  transmitted  by  means  of  a 
wrought-iron  strap. 

409  a.  Pasteboard*  composed  of  layers  of  paper  perpendicular  to 
the  pressure,  is  sometimes  used  for  bearings  of  shafts. 

410.   Organic  material*  far  Bands*  Leather,  Gatla-Percha*  India* 

Rubber,  Cattan,  Flax*  and  Hemp. — I.  LeaUter  Belts. — The  ordinary 
material  for  driving-belts  in  machinery  is  ox-leather  from  the 
back  of  the  animal.  It  is  of  a  nearly  uniform  thickness,  ranging 
from  £  to  £  of  an  inch  (from  4  to  6  millimetres).  It  is  to  be  had 
in  pieces  up  to  4J  or  5  feet  long,  and  about  8  iuches  broad.  The 
several  lengths  of  leather  of  which  a  belt  is  made  are  spliced  and 
cemented  together,  and  fastened  to  each  other  by  means  of  pins  or 
rivets  of  copper  or  of  soft  brass.  The  two  ends  of  the  belt  are 
connected  with  each  other  by  a  lacing  of  thongs,  or  by  copper  or 
brass  pins. 

A  belt  is  said  to  be  single  or  double  according  as  it  is  made  of  one 
or  of  two  thicknesses  of  leather. 

The  inside  of  the  leather  is  rougher  than  the  outside,  and  is  placed 
next  the  pulleys ;  crossed  belts  being  twisted  so  as  to  bring  the 
same  side  of  the  leather  in  contact  with  both  pulleys  (fig.  123,  page 
182). 

Leather  belts,  when  new,  are  not  quite  of  the  heaviness  of  water — 
say  about  GO  lbs.  per  cubic  foot;  but  after  having  been  for  some 
time  in  use,  they  become  thinner  and  denser  by  compression,  and 
are  then  about  as  heavy  as  water.  The  weight  of  single  belting 
may  be  approximately  estimated  as  follows : — 

Per  foot  length  and  inch  breadth,  o*o68  lb. 

Per  square  m&tre  of  surface, 4  kilogrammes. 

The  following  table  shows  the  results  of  experiments  by  Mr. 
Henry  R.  Towne  on  the  ultimate  tenacity  of  belts,  compared  with 
the  practical  rule  of  General  Morin  as  to  their  safe  working  tension. 
The  tensions  in  lengths  of  belt  are  calculated  from  the  above 
estimate  of  the  heaviness. 

The  solid  leather, 675       12         10,000        3,000 

At  the  rivet-holes  of  the  splices,       382         6*8        5,600        1,700 
At  the  lacing, 210         375      3,100  940 

Safe  working   tension   (see )  „  Q  ,, 

aai\  r  45         °*8  060 

page441) J  *° 

II.  Raw  Hide  Bdt&. — The  process  of  tanning,  which  makes 
leather  durable,  impairs  its  strength ;  the  tenacity  of  raw  hide 
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being  about  once  and  a  half  that  of  tanned  leather.  When  raw 
hide  is  used  for  belts  or  for  ropes,  it  is  soaked  with  grease  to  keep 
it  pliable  and  protect  it  against  the  action  of  air  and  moisture. 

III.  GuUa-Percha  is  sometimes  used  for  flat  belts.  They  are 
made  of  the  same  dimensions  with  leather  belts  for  transmitting  the 
sam e  force,  and  are  nearly  of  the  same  weight 

IV.  Woven  Belts  are  made  of  a  flaxen  or  cotton  fabric ;  a  suffi- 
cient number  of  plies  being  used  to  give  a  thickness  equal  to  that 
of  leather  belts,  and  cemented  together  with  indian  rubber.  When 
made  of  flax,  they  are  said  to  be  about  three  times  more  tenacious 
than  tanned  leather  belts  of  the  same  transverse  dimensions. 

Y.  Hopes  and  Cords,  when  of  organic  materials,  are  made  of 
leather,  raw  hide,  and  catgut,  and  of  flax,  hemp,  and  other  vege- 
table fibre.  Hound  cords  of  leather  and  of  hide  are  made  by 
twisting  strips  of  those  materials  into  round  strands,  and  spinning 
or  plaiting  those  strands  into  ropes.  The  ultimate  tenacity,  when 
the  material  is  of  the  best  kind,  may  be  taken,  for  leather,  as  given 
by  the  table  in  the  first  division  of  this  Article  *  and  for  raw  hide, 
as  one  and  a  half  that  of  leather.  Assuming  the  heaviness,  when 
well  twisted,  to  be  equal  to  that  of  water,  this  will  give  the  follow- 
ing results : — 

tt.  rm^.u  t«u— «„  Feet  of      Metres  of     Lbs.  on  the       Kan  the 

Ultimate  Tmuott.  3^  Bope^  circular  drooler 

Inch.  Mm. 

Leather, 10,000       3,000        3,360         2-36 

Raw  Hide, 15,000       4,500        5,040         354 

Working  Tension — 
factor  of  safety,  6. 

Leather, 1,667  5°°  560         039 

Raw  Hide, 2,500  750  840         0-59 

Hemp,  as  used  in  ropes,  is  spun,  or  "laid  up"  with  a  right- 
handed  twist  into  yarns.  Yarns  are  laid  up  left-handed  into 
strands.  Three  strands  laid  up  right-handed  make  a  haujser;  three 
hawsers  laid  up  left-handed  make  a  cable.  Hempen  ropes  are 
classed  according  to  the  number  and  arrangement  of  their  strands. 
The  following  are  the  commonest  kinds ; — 

Hawser-laid  rope, 3  strands. 

Cable-laid  rope  =  3  hawsers  twisted  together, 9  strands. 

Shroud-laid  rope  =  core  or  heart  surrounded  by. 4  strands. 

The  girth  squared  is  the  dimension  commonly  employed  in 
calculating  the  weight  and  strength  of  hempen  ropes.  The  proof, 
or  testing  load,  is  given  by  multiplying  the  girth  squared  by  one  of 
the  factors  in  the  following  table ;  the  breaking  load  is  from  two  to 
three  times  the  proof  load;  the  working  load  is  about  one- fourth  of 
the  proof  load :  that  is,  about  one-tenth  of  thft  ta^rix^VftAu 
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Multiplier 
for  Proof : 
Lbs. 


Multiplier 
for  Weight 


100 


Lb.  per 
Fathoi 


Hawser-laid  rope, 

Shroud-laid 

Cable-laid 


>$ 


9J 


420 

336 
269 


a3'i 
22*4 

21'5 


In  Length  0/ 


I09920 
9,000 

7>5°o 


3.300 
2,740 
2,290 


Tarred  Ropes  have  about  three-fourths  of  the  strength  of 
ropes  of  the  same  size. 

Wire  ropes  contain  a  certain  proportion  of  organic  material  in 
the  hempen  cores  round  which  the  wires  are  spun,  but  it  does  not 
sensibly  contribute  to  their  strength,  which  will  be  more  fullj 
considered  further  on* 


Addkbdum  to  Foot-Notk  to  Article  809,  Pages  849  and  350. 

From  some  experiments  made  by  Mr.  R.  p.  Napier,  forming  the  subject  of  a  paper 
on  friction  and  unguents,  read  before  the  Philosophical  Society  of  Glasgow,  on  the  16th 
December,  1874,  by  that  gentleman,  and  experiments  made  by  an  eminent  foreigner, 
bnt  believed  to  be  not  yet  published,  it  may  be  safely  deduced  that  the  friction  between 
two  bodies  is  a  function  of  the  force  with  which  they  are  pressed  together  and  of  their 
relative  velocity  of  motion.  It  is  further  probable  that  for  substances  without  unguents, 
the  friction  increases  with  the  velocity  to  a  certain  maximum,  and  then  diminishes. 
Mr.  Napier  believes  his  experiments  shew  "that  with  mineral  oils  the  co-efficient  of 
friction  is  less  at  higher  tnan  at  lower  velocities,  and  that  with  animal  and  vegetable 
oils  the  reverse  is  the  case;"  and  further,  with  the  employment  of  unguents  the  friction 
has  been  found  to  increase  with  the  velocity  and  vice  tersd.  and  also  to  diminish  with 
the  velocity  and  vice  versd,  A  very  small  co-efficient  of  friction  was  found  to  obtain 
when  a  small  "  quantity  of  water  was  allowed  to  run  on  the  top  of  oil."  As  Mr.  Napier 
points  out,  there  is  necessity  for  further  experiment. 


477 


GENERAL  TABLES  OF  THE  STRENGTH  OF 

MATERIALS. 


L 

Table  of  the  Resistance  of  Materials  to  Stretching  and 
Tearing  by  a  Direct  Pull,  in  pounds  avoirdupois  per  square 
inch. 

Modnhu  of 
Tenacity,  Klantlritr 

Materials.  or  Resistance  to      m  Retbunci  to 

Tearing.  Stretching. 

Stones,  Natural  and  Artificial: 

5£* } a8° to  300 

Glass, 9*400  8,000,000 

g,  f        9,600  13,000,000 

' (to  12,800  to  16,000,000 

Mortar,  ordinary, •  50 

Metals: 

Brass,  cast, 18,000  9,170,000 

„      wire, 49,000         14,230,000 

Bronze  (Copper  8,  Tin  i)r 36,000         9,900,000 

„        Aluminium, 73,000 

Copper,  cast, 19,000 

„       sheet, 30,000 

„       bolts, 36,000 

„       wire, 60,000         17,000,000 

Iron,  cart,  various  qualities, {toJJ^    toa2££££ 

„        average, 16,500         17,000,000 

Iron,  wrought,  plates, 51,000 

„       joints,  double  rivetted,  35>7^o 

„  „       single  rivetted,  28,600 

„       bars  and  bolts, {to  70^000 }      29><xxV>c<> 

„       hoop,  best-best, 64,000 

»       ^ {toiSo^}     »5,300,ooo 

„       wire-ropes, ~.  90,000        15,000,000 

Lead,  sheet, 3»3oo  720,000 

Steel  bars, j  x    IOO'00°    A    a9,ooo,ooo 

1  I  to  130,000  to  42,000,000 

Steel  plates,  average, 80,000 

Tin,  cast,. 4,600 

Zinc, 7»ooo  to  fcjooo 
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Trniantr  ModlUaS  of 

Materials.  orR«isu2oeto      crfJSSnSfr 

Tearinfr  8ti«tehh«. 

Timber  and  other  Organic  Fibre: 

Acacia,  false.  See  "  Locust" 

Ash  (Fraxinus  excelsior), 17,000           1,600,000 

Bamboo (Bambusa  arundinacea),  6,300 

Beech  (Fagus  sylvatica), 11,500           1,350,000 

Birch  (Betula  alba), 15,000           1,645,000 

Box  (Buxvs  sempervirens), 20,000 

CedarofLebanon((7a^rt^i/i6am),  11,400              486,000 

Chestnut  (Castanea  Vesca)r {  ^  |JJ  }        1,140,000 

Elm  (UVmm  eampestrisY J  A       7<*>>«» 

v                 Jr^     "  14,000   ( to  1,340,000 

TfriT^TmeCPiTwasylveriris),  L    la'°°°      A    Moo,ooo 

v            *           ^  I  to  14,000     to  1,900,000 

„    Spruce  (Abies  exceUa), [.     r>400,ooo 

99      r        v                   '*  12,400   ( to  1,800,000 

„    Larch  (Larix  Ewropeea), [^*™      ♦       9^,0°° 

n                v                    /™~v>  J  to  10,000      to  1,360,000 

Flaxen  Yarn, about  25,000 

Hazel  (Corylu8  A  vellana), 1 8,000 

Hempen  Ropes, from  12,000  to  16,000 

Hide,  Ox,  undressed, 6,300 

Hornbeam  (Carpinus  Bettdus),.  20,000 

Lancewood  (Guatteria  virgata),  23,400 

Leather,  Ox, 4»*oo              *4>5<*> 

Lignum- Vit®  (Guaiacum  offici- )  11  gQQ 

nale), J  ' 

Locust  (Bobinia  Pseudo-A  cacia),  1 6,000 

Mahog8Lny(SurieteniaAfahagoni)f  )  to  21*800  f      l>255>°°° 

Maple  (Acer  campestris), 10,600 

Oak,  European  (Quercus  sessUi-  f      10,000         1,200,000 

Jlora&udQtiercuspedunculata),  (to  19,800    to  1,750,000 

Silk  fibre, 52,000         1,300,000 

Sy(^more(AcerPsetido-Platafiu8)f  13,000         1,040,000 

Teak,  Indian  (Tectona  grandis),  15,000         2,400,000 

„       African,  (?) 21,000         2,300,000 

Whalebone, 7>7°° 

Yew  (Tonus  baccata), 8,000 


TABLES  OF  STRENGTH.  479 

II. 

Table  of  the  Resistance  of  Materials  to  Shearing  and 
Distortion,  in  pounds  avoirdupois  per  square  inch. 

„   .  .  Transverse 

Resistance  Elasticity, 

Materials,                                       to.  or  Resistan&to 

METALS:                                                                 Shearing.  Distortion. 

Brass,  wire-drawn, 5,330,000 

Copper, 6,200,000 

Iron,  cast, 27,700         2,850,000 

,  .  (     8.500,000 

»     wrou8ht> *V»«>{toK3o<ix» 

Timber  • 

Fir:  Red  Pine, 5ooto    800     1      6*'00° 

'  °  (to  116,000 

„     Spruce, 600  

„     Larch, 970  to  1,700  

Oak, 2,300  82,000 

Ash  and  Elm, 1,400  76,000 


in. 

Table  of  the  Resistance  of  Materials  to  Crushing  by  a 
Direct  Thrust,  in  pounds  avoirdupois  per  square  inch. 

Resistance 
Materials.  to 

Crushing. 

Stones,  Natural  and  Artificial: 

Brick,  weak  red, 550  to  800 

„      strong  red, 1,100 

„      fire, 1,700 

Chalk, 330 

Granite, 5,5oo  to  11,000 

Limestone,  marble, 5>5°o 

„          granular, 4,000  to  4,500 

Sandstone,  strong, 5,5oo 

„         ordinary, 3,300  to  4,400 

Rubble  masonry,  about  four- tenths  of  cut  stone. 

Metals: 

Brass,  cast, 10,300 

Bronze,  Aluminium, 132,000 

Iron,  cast,  various  qualities, 8 2,000 to  1 45,000 

„         „    average, 112,000 

„      wrought, about  36,000  to  \o^q> 
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Bttristmoi 

Materials.  to 

Crashing. 

Timber,*  Dry,  crushed  along  the  grain: 

Ash, 9,000 

Beech, 9,360 

Birch, 6,400 

Blue-Gum  (Eucalyptus  Globulus), 8,800 

Box, 10,300 

Bullet-tree  (Aclvras  SideroxyUm), 14,000 

Cabacalli, 9t9°° 

Cedar  of  Lebanon, 5,860 

Ebony,  West  Indian  (Brya  Ebenus), 19,000 

Elm, 10,300 

Fir:  Bed  Fine, 5>375  to  6,200 

„     American Yellowlfae^Pinus  variabilis),  5>4°o 

„     Larch, 5,570 

Hornbeam, 7>300 

Lignum- Vitae, 9,900 

Mahogany, 8,200 

Mora  {Mora  excelsa), 9>9°° 

Oak,  British, 10,000 

„     Dantzic, 7,7oo 

„     American  Bed, 6,000 

Teak,  Indian, 12,000 

Water-Gum  (Tristania  nerifolia), 11,000 


IV. 

Table  of  the  Resistance  of  Materials  to  Breaking  Across, 

in  pounds  avoirdupois  per  square  inch. 

Besistance  to  Breaking, 
Materials.  or 

Modulus  of  Bupture.f 

Stones: 

Sandstone, 1,100  to  2,360 

Slate,  5,000 


*  The  resistances  stated  are  for  dry  timber.  Green  timber  is  much  weaker,  having 
sometimes  only  half  the  strength  of  dry  timber  against  crashing. 

f  The  modulus  of  rupture  is  eighteen  times  the  load  which  is  required  to  break  a  bar 
»f  one  inch  square,  supported  at  two  points  one  foot  apart,  and  loaded  in  the  middle 
between  the  points  of  support. 
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Rtsiftanoe  to  Breaking, 
Materials.  or 

Modulo*  of  Rupture. 

Metals: 

Iron,  cast,  open-work  beams,  average, 17,000 

„       „    solid  rectangular  bars,  var.  qualities,  33,000  to  43,500 

»       »  »  »  average^ 40,000 

„     wrought, 40,000  to  54>ooo 

TliTBER: 

Ash, 12,000  to  14,000 

Beech, 9,000  to  12,000 

Birch, 11,700 

Blue-Gum, 16,000  to  20,000 

Bullet-tree, 15,900  to  22,000 

Cabacalli, 15,000  to  16,000 

Cedar  of  Lebanon, 7>400 

Chestnut, 10,660 

Cowrie  (Dammara  austoxdis), 11,000 

Ebony,  West  Indian, 27,000 

Elm, 6,000  to    9,700 

Fir:  Red  Pine, 7,100  to    9,540 

„     Spruce, 9,900  to  12,300 

„     Larch, 5,000  to  10,000 

Greenheart  {Nectandra  Eodtcet), 16,500  to  27,500 

Lancewood, z7>35° 

Lignum-  Vitae, •  12,000 

Locust, •  11,200 

Mahogany,  Honduras, 11,500 

„         Spanish, 7,600 

Mora, 22,000 

Oak,  British  and  Russian,. 10,000  to  13,600 

„    Dantzic, 8,700 

„     American  Red, 10,600 

Poon, i3>3°o 

Saul, .- 16,300  to  20,700 

Sycamore, • 9,600 

Teak,  Indian, 12,000  to  19,000 

„     African, • 14*980 

Tonka  (Dipteryx  odorcUa), • 22,000 

Water-Gum, -  17,460 

Willow  (ScUiXf  various  species), ••••••••••••  6,6oo 


2i 
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Y. — Miscellaneous  Supplementary  Table. 


Material. 

Dimensions. 

Tearing 

Load. 

lba 

Length  of 

1  lb.  weight, 

in  feet 

Tenacity  in 

feet  of  the 

Material. 

Cast  steel  bar. 

I  in.  X  I  in. 

area  i  sq.  in. 

girth  1*27  in. 

I  in.  X  I  in. 

area  I  sq.  in. 

I  in.  X  I  in. 

I  in.  X  I  in. 

girth  i  in. 

girth  10  in. 

■ 

130,000 

100,000 

4,480 

6o,O0O 

50,000 

I5,O0O 

I2,O0O 

1,050 

67,200 

0*297 
0*3 

6*o 
0-3 
o#3 

3#o 
4'o 
26*0 
0*279 

38,6lO 
30,000 
26,880 
l8,000 
15,000 
54,000 
48,000 
27,300 
18,750 


Iron  wire  rone 

Iron  bar.  strong 

Boiler  plate,  strong, 

Teak  wood 

Deal, 

Hempen  hawser.......... 

Hempenrope,cable-laid, 

YL — Supplementary  Table  for  Wrought  Iron  and  Steel. 


Description  of  Material. 

Malleable  Iron. 


Tenacity  in  lbs.  per  Square  Inch. 
Lengthwise.        Crosswise. 


Ultimate 
Extension. 


Wire-very     strong,) 

charcoal, J        ™ 

Wire — average, 86,000 

Wire— weak, 71,000 

Yorkshire  (Low moor), ...  64, 200 

„  from  66,390)     N 

to  60,075  / 
Yorkshire  (Lowmoor)  } 

and      Staffordshire  >  59,74© 

rivetiron, ) 

Charcoal  bar, 63,620 


Mo. 

T. 
Mo. 
F.  52,490   F. 


{ 


0*20 

0'20" 


F. 


0*2  tO  C25 


Staffordshire  bar,... from    62,231  1 

to    5<>,7i5J 


F. 

N. 


0'2 


Yorkshire  bridgeiron, ...  4  9,930 

Staffordshire  bridge  iron,  47,600 

Lanarkshire  bar,... from  64,795)     ^> 

to  51,327  f    "' 

Lancashire  bar, from  60,110)     |^ 

a       .                         to  53,775/       * 

Swedish  bar, from  48,933)     j» 

to  41,251/       ' 

Russian  bar, from  59,096)     v 

to  49,5<>*f     "' 

Bushelled  iron  from  )  .  .  Q.  Q 

turnings, /  55'87* 

Hammered  scrap, 53,420 


F.  43,940    F. 
F.  44,385 


•029 
•03* 


Angle-iron   from)  from    61,260) 
VBxioufldifltricts,  J      to    &o,o*>*  \ 


N. 
N. 
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Vmadpaon  of  MUvtai. 

Straps  from  van- )  from 
ous  districts, ...  J      to 

Bessemer's  iron,  oast) 
ingots j 

Bessemer's  iron,  ham- 
mered or  rolled,....  / 

Bessemer's  iron,  boiler 
plate, / 

Yorkshire  plates, . . .  from 

to 

Staffordshire  plates,  from 

to 

Staffordshire     plates, ) 
best-best,  charcoal,  J 

Staffordshire         )  from 
plates,  best-best,  J       to 

Staffordshire  plates,  best, 

Staffordshire     plates, 
common, 

Lancashire  plates, 

Lanarkshire  plates,  from 

to 

Durham  plates, 


inlta.per 


55,937  I    v 
41,386/    *' 

41,242  W. 
72,643  w. 


} 


68,319 

58,487  \ 
52,000/ 

56,996  \ 
46,404  J 

45,010 

59,820 

49,945 
61,280 

50,820 

48,865 

53,849  I 
43,433  J 
51,245 


W. 

v  5&033 ) 
*'  4M2i  f 

11  •  44,764 1 
F.  41,420 

F.  54,820 
F.  46,470 
F.  53,820 

F.  52,825 

».  45,oi5 
N  48,848) 

"  39,544) 
N.  46,712 


H. 


UlttaMkto 


f   I08 


•109;  -059 
•170;  -113 


N  -04;    -034 

'  rx»  -°59 

*•  "05;  -045 

F.  -05;   -038 

F.  -067;  -04 

F.  -077;  045 

F.  -05;   -043 

F.  -043;  -028 

N  f -033;  014 

•  (  093; -046 

•089;  064 


Effects  of  Reheating  and  Rotting, 

Puddled  bar, 43,904 

The  same    iron    five 

times  piled, reheated  \  61,824 

and  rolled, 

The  same  iron  eleven 

times  piled,  reheated  }  43,904 

and  rolled, 


Strength  of  Large  Forging* 

Bars  cut  out  of )  from  47,58a  )  N  44,57* 

large  forgings,  J      to  43,759  /  "  3MH 

Bars  cut  out  of  large  )        6oQ  j^ 

forgings, f  °°9 


{•231;  #i68 
•2*5;  -064 
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Table — continued. 

Tenacity  in  lbs.  per  Square  Inch. 
Description  of  HaterUL  Lengthwise.  Croaswiae. 

Steel  and  Steely  Iron. 
Cast8teelbars,rol- )  from  132,909  )     ^ 

led  and  forged,  J       to    92,015  J 
Cast  steel  bars,  rolled)  R 

and  forged, j      u  ' 

Blistered    steel  bars,  )  g       ^ 

rolled  and  forged . . . ,  J        4>  ^ 
Shear  steel  bars, rolled  I    Xl8    68       K 

and  forged, J 

Bessemer  s  steel  bars,  I  ^         ^ 

rolled  and  forged,...  J 
Bessemer's  steel  bars,  )      ^    Q  ^ 

cast  ingots, J        **' 

Bessemer s  steel  bars,  )    Ie2gI2      \y. 

hammered  or  rolled,  J      °~,y 
Spring  steel  bars,ham-  )  K 

mered  or  rolled,....  J  ,u  ^ 

Homogeneous     metal)  fi  ^ 

bars,  rolled, J      ^ 

Homogeneous     metal)  R 

bars,  rolled, J      ^°7 

Homogeneous    metal)      Qnm/>i       xr 

bars!  forged }     89'734       N> 

Puddled        steel )  -  „  _  t  Q  J  * 

barrelled  and  I  from    Mq  1    N- 

forged, j       t0    6"768/ 

Puddled     steel    bars, )  j« 

rolled  and  forged,...  J 
Puddled    steel    bars,  )  -»/r 

rolled  and  forged, . . .  /     94'7  J  2       J*i# 

Mushet's  gun-metal, 103,400        F. 

Cast  steel  plates,.... from    96,289)     ^   97,308  I     >^- 

to    75,594  j     ^'69,082/    *• 
Cast  steel  plates,... hard,  102,900  )     -™ 

soft,    85,400  j 

Hplamt^nfir  qX }     ^8°l  N  97'1S°1    N 

Homogeneous    metal)               g  j  '  73,530) 

plates,  second  quality,  J      •   »"»      /  to>o      j 

Puddled        steel )  from  102,593  )  ^  85,365  )     ^ 

plates ]      to    71,532/  67,686/    *' 

Puddled  steel  plates, ....    93,600  F. 


Ultimate 
Extension. 


{ 


•052 
•153 


•097 

•135 
•055 


•180 
•137 


{ 


•119 

•191 
•091 


0-034 
•057; -096 
•I98;  U96 
031 
•031 

•086;  -14-! 

•o59;  *°3- 

•028;  #oi; 
•082;  -05; 
0125 
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Table — continued. 

Deacon  of  MaterUL  Tf%$$£*  *"  "SS^ 

Coleford  Gun-metal. 

Weakest, 108,970  } 

Strongest, 160,540  >    F. 

Mean  of  ten  sorts, 137>34°j 


Ultimate 
Extension. 


•190 
•030 
'072 


In  the  preceding  table  the  following  abbreviations  are  used  for 
the  names  of  authorities : — 

C,  Clay;  F.,  Fairbairn;  H.,  Hodgkinson;  M.,  Mallet;  Mo., 
Morin;  N.,*  Napier  &  Sons;  R,  Rennie;  T.,  Telford;  W., 
Wilmot. 

The  column  headed  "Ultimate  Extension"  gives  the  ratio  of  the 
elongation  of  the  piece,  at  the  instant  of  breaking,  to  its  original 
length.  It  furnishes  an  index  (but  a  somewhat  vague. one)  to  the 
ductility  of  the  metal,  and  its  consequent  safety  as  a  material  for 
resisting  shocks. 

When  two  numbers  separated  by  a  semicolon  appear  in  the 
column  of  ultimate  extension  (thus  *082;  *057),  the  first  denotes 
the  ultimate  extension  lengthwise,  and  the  second  crosswise. 


VII. — Resilience  op  Iron  and  Steel. 

Me*,  under  Tension.  ™™*     £*»        fff"  "T* 

lenacity.       lenacity.        Elasticity.         Resilience. 

Cast  iron — Weak, 13,400  4A&7  14,000,000        1425 

„           Average, 16,500  5,500  17,000,000        178 

„           Strong, 29,000  9,667  22,900,000  4*08 

Bar  iron — Good  average, ..  60,000  20,000  29,000,000  13*79 

Plate  iron — Good  average,  50,000  16,667  24,000,000?  11 '57? 

Iron  wire — Good  average,  90,000  30,000  25,300,000  35*57 

Steel — Soft, 90,000  30,000  29,000,000  31*03 

„       Hard, 132,000  44,000  42,000,000  46*10 

In  the  above  Table  of  Resilience  the  working  tenacity  is  for  a 
"dead"  or  steady  load.  The  modulus  of  resilience  is  calculated 
by  dividing  the  square  of  that  working  tenacity  by  the  modulus  of 

elasticity. 

*  The  experiments  whose  extreme  results  are  marked  N.  were  conducted 
for  Messrs.  II.  Napier  &  Sons  by  Mr.  Kirkaldy.  For  details,  see  Tranaac* 
tions  of  the  Institution  of  Engineers  in  Scotland,  1858-59 ;  also  Kirkaldy  On 
the  Strength  of  Iron  and  SteeL 


itaxt  '1'ablb  for  Cast  Iboh. 


Elndi  or  Iron. 

Tonuitr. 

Mililr.lrv.  ,:.f 
Huntnro 

££Z. 

from 

I2,6o4 

564S5 

36.693 

14000.000 

17,466 

80,561 

39,77' 

i5,3°Aooo 

No.  1.  Hot  blast, - 

to 

13-434 

16,125 

TV  93 
88,741 

29,889 
35,316 

11,539,000 

No.  2.  Cold  blast, 

13.348 

68,532 

33.453 

12,586,000 

18,855 

102,408 

39.609 

17,036,00a 

No.  2.  Hot  blast, 

to 

i3.5<>5 
17,807 

83,734 

28,917 
38394 

ggf" 

No.  3.  Cold  blast, 

to1" 

14,200 
15,508 

76.900 

115,400 

35,88i 
47,061 

14,281,000 
22,008,000 

from 

15,278 

101,831 

35,640 

15,852,000 

23468 

43,497 

22,733,000 

— 

" 

Toughened  cast  iron, 

to 

23461 

129,876 

z 

— 

No.  3.  Hot  blast  after  fj 

rstf 

98,560 
163,744 

39,690 

56,060 

— 

No.    3.    Hot    blast    a 

tarl 

eighteenth  melting 

— 

— 

48,000 

— 

— 

— 

It  is  to  be  understood  that  the  numbers  in  one  line  of  the  pre- 
ceding table  do  not  necessarily  belong  to  the  same  specimen  of  iron, 
each  number  being  an  axtrema  result  for  the  kind  of  iron  specified 
iij  the  first  column. 
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CHAPTER  II. 

PRINCIPLES  AND  RULES  RELATING  TO  STRENGTH  AND  8TIFFNB8& 

411.  The  Object  «r  this  chapter  is  to  give  a  summary  of  the 
principles,  and  of  the  general  rules  of  calculation,  which  are 
applicable  to  problems  of  strength  and  stiffness,  whatsoever  the 
particular  material  may  be.  It  is  to  a  certain  extent  identical 
with  a  similar  summary  which  appeared  in  A  Manual  of  Civil 
Engineering,  but  modified  to  adapt  its  principles  to  the  problems 
which  occur  in  machinery.  Various  special  problems  relating  to 
machinery  will  be  considered  in  the  third  Chapter. 

Section  I. — OfStrengtJi  and  Stiffness  in  General. 

412.  Load,  stress,  strain,  strength. — The  load,  or  combination 
of  external  forces,  which  is  applied  to  any  piece,  moving  or  fixed, 
in  a  machine,  produces  stress  amongst  the  particles  of  that  piece, 
being  the  combination  of  forces  which  they  exert  in  resisting 
the  tendency  of  the  load  to  disfigure  and  break  the  piece,  ac- 
companied by  strain,  or  alteration  of  the  volumes  and  figures  of 
the  whole  piece,  and  of  each  of  its  particles. 

If  the  load  is  continually  increased,  it  at  length  produces  either 
fracture  or  (if  the  material  is  very  tough  and  ductile)  such  a 
disfigurement  as  is  practically  equivalent  to  fracture,  by  rendering 
the  piece  useless. 

The  Ultimate  Strength  of  a  body  is  the  load  required  to  produce 
fracture  in  some  specified  way.  The  Proof  Strength  is  the  load 
required  to  produce  the  greatest  strain  of  a  specific  kind  con- 
sistent with  safety;  that  is,  with  the  retention  of  the  strength  of 
the  material  unimpaired.  A  load  exceeding  the  proof  strength  of 
the  body,  although  it  may  not  produce  instant  fracture,  produces 
fracture  eventually  by  long-continued  application  and  frequent 
repetition. 

The  Working  Load  on  each  piece  of  a  machine  is  made  less  than 
the  ultimate  strength,  and  less  than  the  proof  strength,  in  certain 
ratios  determined  partly  by  experiment  and  partly  by  practical 
experience,  in  order  to  provide  for  unforeseen  contingencies. 

Each  solid  has  as  many  different  kinds  of  strength  as  there  are 
different  ways  in  which  it  can  be  strained  or  broken,  as  shown 
the  following  classification: — 


ire 
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(Strain.  Ftactaroi 

Elementary {  Extension     Tearing. 

J  \  Compression Crushing. 

|  Distortion     Shearing. 

Compound <  Twisting       Wrenching. 

(  Bending       Breaking  across, 

413.  c«-eflcteata  «r  moduli  •€  screagth  are  quantities  expressing 
the  intensity  of  the  stress  under  which  a  piece  of  a  given  material 
gives  way  when  strained  in  a  given  manner;  such  inteusity  being 
expressed  in  units  of  weight  for  each  unit  of  sectional  area  of  the 
layer  of  particles  at  which  the  body  first  begins  to  yield.  In 
Britain,  the  ordinary  unit  of  intensity  employed  in  expressing  the 
strength  of  materials  is  the  pound  avoirdupois  on  the  square  inch. 
As  to  other  units,  see  Article  302,  page  342. 

Co-efficients  of  strength  are  of  as  many  different  kinds  as  there 
are  different  ways  of  breaking  a  body.  Their  use  will  be  explained 
in  the  sequel.  Tables  of  their  values  are  given  at  the  end  of 
the  volume. 

Co-efficients  of  strength,  when  of  the  same  kind,  may  still  vary 
according  to  the  direction  in  which  the  stress  is  applied  to  the 
body.  Thus  the  tenacity,  or  resistance  to  tearing,  of  most  kinds  of 
wood  is  much  greater  against  tension  exerted  along  than  across 
the  grain. 

414.  Factors  mf  Safety. — A  factor  of  safety,  in  the  ordinary  sens?, 
is  the  ratio  in  which  the  load  that  is  just  sufficient  to  overcome 
instantly  the  strength  of  a  piece  of  material  is  greater  than  the 
greatest  safe  ordinary  working  load. 

The  proper  value  tor  the  factor  of  safety  depends  on  the  nature 
of  the  material;  it  also  depends  upon  how  the  load  is  applied. 
The  load  upon  any  piece  in  a  structure  or  in  a  machine  is  distin- 
guished into  dead  load  and  live  load.  A  dead  load  is  a  load  which 
is  put  on  by  imperceptible  degrees,  and  which  remains  steady ;  such 
as  the  weight  of  a  structure,  or  of  the  fixed  framing  in  a  machine. 
A  live  load  is  one  that  is  or  may  be  put  on  suddenly,  or  accom- 
panied with  vibration ;  like  a  swift  train  travelling  over  a  railway 
bridge ;  or  like  most  of  the  forces  exerted  by  and  upon  the  moving 
pieces  in  a  machine. 

It  can  be  shown  that  in  most  cases  which  occur  in  practice  a 
live  load  produces,  or  is  liable  to  produce,  twice,  or  very  nearly 
twice,  the  effect,  in  the  shape  of  stress  and  strain,  which  an  equal 
dead  load  would  produce.  The  mean  intensity  of  the  stress  pro- 
duced by  a  suddenly  applied  load  is  no  greater  than  that  produced 
by  the  same  load  acting  steadily;  but  in  the  case  of  the  suddenly 
applied  load,  the  stress  begins  by  being  insensible,  increases  to 
double  its  mean  intensity,  and  then  goes  through  a  series  of 
fluctuations,  alternately  below  and  above  the  mean,  accompanied 
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by  vibration  of  the  strained  body.  Hence  the  ordinary  practice  is 
to  make  the  factor  of  safety  for  a  live  load  double  of  the  factor 
of  safety  for  a  dead  load. 

A  distinction  is  to  be  drawn  between  real  and  apparent  factors  of 
safety.  A  real  factor  of  safety  is  the  ratio  in  which  the  ultimate  or 
breaking  stress  is  greater  than  the  real  working  stress  at  the  time 
when  the  straining  action  of  the  load  is  greatest  The  apparent 
factor  of  safety  has  to  be  made  greater  than  the  real  factor  of 
safety  in  those  cases  in  which  the  calculation  of  strength  is  based, 
not  upon  the  greatest  straining  action  of  the  load,  but  upon  a  mean 
straining  action,  which  is  exceeded  by  the  greatest  straining  action 
in  a  certain  proportion.  In  such  cases  the  apparent  factor  of 
safety  is  the  product  obtained  by  multiplying  the  real  factor  of 
safety  by  the  ratio  in  which  the  greatest  straining  action  exceeds 
the  mean. 

Another  class  of  cases  in  which  the  apparent  exceeds  the  real 
factor  of  safety  is  when  there  are  additional  straining  actions 
besides  that  due  to  the  transmission  of  motive  power,  and  when  those 
additional  actions,  instead  of  being  taken  into  account  in  detail,  are 
allowed  for  in  a  rough  way  by  means  of  an  increase  of  the  factor  of 
safety.  A  third  class  of  cases  is  when  there  is  a  possibility  of  an 
increased  load  coming  by  accident  to  act  upon  the  piece  under 
consideration.  For  example,  a  steam  engine  may  drive  two  lines 
of  shafting,  exerting  half  its  power  on  each;  one  may  suddenly 
break  down,  or  be  thrown  out  of  gear,  and  the  engine  may  for  a 
short  time  exert  its  whole  power  on  the  other. 

The  following  table  shows  the  ordinary  values  of  real  factors  of 
safety : — 

Beal  Factors  of  Safbtt. 
Dead  Load.      Lire  Load. 

Perfect  materials  and  workmanship, 2  4 

Ordinary  materials  and  workmanship — 

Metals, 3  6 

Wood,  Hempen  Ropes, from  3  to  5  10 

Masonry  and  Brickwork, 4  8 

The  following  are  examples  of  apparent  factors  of  safety : — 

Ratio  in  which  A  ««-«»«* 

Greatest  Effort  sPP"*11} 

Hoal  Factor  of  Safety,  6.  exceeds  Mean  nfJfL 

Effort,  nearly.  a*W- 

Steam    engines    acting   against  a  constant 

resistance —  ' 

Single  engine, 1*6  9/6 

Pair  of  engines  driving  cranks  at  right )  .  ^ 

angles, J  *  x 

Three     engines    driving    equiangular  )  #  , 

cranks, j  x  °5  "3 
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2°0  1 2*0 


Ordinary  cases  of  varying  effort  and ) 
resistance, J 

Lines  of  shafting  in  mill  work;  apparent  1 
factor  of  safety  for  twisting  stress  | 
due  to  motive  power,  to  cover  allow-  \-     from  18  to  36 
ances  for  bending  actions,  accidental  I 
extra  load,  <ka, J 

Almost  all  the  experiments  hitherto  made  on  the  strength  of 
materials  give  co-efficients  or  moduli  of  ultimate  strength;  that  is, 
co-efficients  expressing  the  intensity  of  the  stress  exerted  by  the 
most  severely  strained  particles  of  the  material  just  before  it  gives 
way.  In  calculations  for  the  purpose  of  designing  framework  or 
machinery  to  bear  a  given  working  load,  there  are  two  ways  of 
using  the  factor  of  safety,— one  is,  to  multiply  the  working  load 
by  the  factor  of  safety,  so  as  to  determine  the  breaking  load,  and 
use  this  load  in  the  calculation,  along  with  the  modulus  of  ultimate 
strength :  the  other  is,  to  divide  the  modulus  of  ultimate  strength 
by  the  factor  of  safety,  and  thus  to  find  a  modulus  or  co-efficient 
of  working  stress,  which  is  to  be  used  in  the  calculation,  along 
with  the  working  load.  It  is  obvious  that  the  two  methods  are 
mathematically  equivalent,  and  must  lead  to  the  same  result; 
but  the  latter  is  on  the  whole  the  more  convenient  in  designing 
machines. 

415.  The  Proot  or  Testing  by  experiment  of  the  strength  of  a 
piece  of  material  is  conducted  in  two  different  ways,  according  to 
the  object  in  view. 

I.  If  the  piece  is  to  be  afterwards  used,  the  testing  load  must  be 
so  limited  that  there  shall  be  no  possibility  of  its  impairing  the 
strength  of  the  piece ;  that  is,  it  must  not  exceed  the  proof  strength, 
being  from  one-third  to  one-half  of  the  ultimate  strength.  About 
double  or  treble  of  the  working  load  is  in  general  sufficient.  Care 
should  be  taken  to  avoid  vibrations  and  shocks  when  the  testing 
load  approaches  near  to  the  proof  strength. 

II.  If  the  piece  is  to  be  sacrificed  for  the  sake  of  ascertaining  the 
strength  of  the  material,  the  load  is  to  be  increased  by  degrees  until 
the  piece  breaks,  care  being  taken,  especially  when  the  breaking 
point  is  approached,  to  increase  the  load  by  small  quantities  at  a 
time,  so  as  to  get  a  sufficiently  precise  result. 

The  proof  strength  requires  much  more  time  and  trouble  for  its 
determination  than  the  ultimate  strength.  One  mode  of  approxi- 
mating to  the  proof  strength  of  a  piece  is  to  apply  a  moderate  load 
and  remove  it,  apply  the  same  load  again  and  remove  it,  two  or 
three  times  in  succession,  observing  at  each  time  of  application  of 
the  load  the  strain  or  alteration  of  figure  of  the  piece  when  loaded, 
by  stretching,  compression,  bending,  distortion,  or  twisting,  as  the 
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ise  may  be.  If  that  alteration  does  not  sensibly  increase  by  re- 
eated  applications  of  the  same  load,  the  load  is  within  the  limit 
f  proof  strength.  The  effects  of  a  greater  and  a  greater  load  being 
accessively  tested  in  the  same  way,  a  load  will  at  length  be  reached 
'hose  successive  applications  produce  increasing  disfigurements  of 
tie  piece;  and  this  load  will  be  greater  than  the  proof  strength, 
rhich  will  lie  between  the  last  load  and  the  last  load  but  one  in 
lie  series  of  experiments. 

It  was  formerly  supposed  that  the  production  of  a  set — that  is,  a 
isfigurement  which  continues  after  the  removal  of  the  load — was  a 
jst  of  the  proof  strength  being  exceeded;  but  Mr.  Hodgkinson 
lowed  that  supposition  to  be  erroneous,  by  proving  that  in  most 
laterials  a  set  is  produced  by  almost  any  load,  how  small  so- 
ver. 

The  strength  of  bars  and  beams  to  resist  breaking  across,  and  of 
xles  to  resist  twisting,  can  be  tested  by  the  application  of  known 
reight8  either  directly  or  through  a  lever. 

To  test  the  tenacity  of  rods,  chains,  and  ropes,  and  the  resist- 
ace  ot  pillars  to  crushing,  more  powerful  and  complex  mechanism 
i  required.  The  apparatus  most  commonly  employed  is  the 
ydraulic  press.  In  computing  the  stress  which  it  produces,  no 
sliance  ought  to  be  placed  on  the  load  on  the  safety  valve,  or  on 
weight  hung  to  the  pump  handle,  as  indicating  the  intensity  of 
ae  pressure,  which  should  be  ascertained  by  means  of  a  pressure 
auge.  This  remark  applies  also  to  the  proving  of  boilers  by  water 
ressure.  From  experiments  by  Messrs.  Hick  and  Ltithy  it  ap- 
ears  that,  in  calculating  the  stress  produced  on  a  bar  by  means  of 
hydraulic  press,  the  friction  of  the  collar  may  be  allowed  for  by 
educting  a  force  equivalent  to  the  pressure  of  the  water  upon  an 
pea  of  a  length  equal  to  the  circumference  of  the  collar,  and  one- 
ightieth  of  an  inch  broad.     (See  page  444.) 

For  the  exact  determination  of  general  laws,  although  the  load 
lay  be  applied  at  one  end  of  the  piece  to  be  tested  by  means  of  a 
ydraulic  press,  it  ought  to  be  resisted  and  measured  at  the  other 
ad  by  means  of  a  combination  of  levers. 

416.    Stlffneu  or  Rigidity,  Pliability,  their  Moduli  or  Co-eHcients. 

-Rigidity  or  stiffness  is  the  property  which  a  solid  body  possesses 
f  resisting  forces  tending  to  change  its  figure.  It  may  be  expressed 
i  a  quantity,  called  a  modulus  or  co-efficient  of  stiffness,  by  taking 
le  ratio  of  the  intensity  of  a  given  stress  of  a  given  kind  to  the 
rain,  or  alteration  of  figure,  with  which  that  stress  is  accom- 
anied — that  strain  being  expressed  as  a  quantity  by  dividing  the 
Iteration  of  some  dimension  of  the  body  by  the  original  length  of 
lat  dimension.  In  most  materials  which  are  used  in  machinery, 
le  moduli  of  stiffness,  though  not  exactly  constant,  are  nearly 
instant  for  stresses  not  exceeding  the  proof  strength. 
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The  reciprocal  of  a  modulus  of  stiffness  may  be  called  a  "  moddm 
of  pliability ;"  that  is  to  say, 

_.  Intensity  of  Stress 

Modulus  of  Stiffness  = "    . ; 

Strain 

Modulus  of  Pliability  =  =— - — rr — tsz • 

J       Intensity  of  Stress 

The  use  of  specific  moduli  of  stiffness  will  be  explained  in  the 
sequel.  Values  of  them  are  given  in  the  tables  prefixed  to  this 
chapter. 

417.  The  Elasticity  of  a  Solid  consists  of  stiffness,  or  resistance 
to  change  of  figure,  combined  with  the  power  of  recovering  the 
original  figure  when  the  straining  force  is  withdrawn.  If  that 
recovery  is  complete  and  immediate,  the  body  is  perfectly  elastic; 
if  there  is  a  set,  or  permanent  change  of  figure,  after  the  removal 
of  the  straining  force,  the  body  is  imperfectly  elastic  The  elasticity 
of  no  solid  substance  is  absolutely  perfect,  but  that  of  mauy  sab- 
stances  is  nearly  perfect  when  the  stress  does  not  exceed  the  proof 
strength,  and  may  be  made  sensibly  perfect  by  restricting  the  stress 
within  small  enough  limits. 

Moduli  or  Co-efficients  of  Elasticity  are  the  values  of  moduli  of 
stiffness  when  the  stress  is  so  limited  that  the  value  of  each  of  those 
moduli  is  sensibly  constant,  and  the  elasticity  of  the  body  sensibly 
perfect. 

418.  Resilience  or  Spring  is  the  quantity  of  mechanical  work  re- 
quired to  produce  the  proof  stress  on  a  given  piece  of  material,  and 
is  equal  to  the  product  of  the  proof  strain,  or  alteration  of  figure, 
into  the  mean  load  which  acts  during  the  production  of  that  strain; 
that  is  to  say,  in  general,  very  nearly  one-half  of  the  proof  load. 

419.  Height*  or  Length*  of  Moduli   of  Stiflnets  and    Strength.— 

The  term  Iieight  or  length,  as  applied  to  a  modulus  or  co-efficient  of 
strength  or  of  stiffness,  means  the  length  of  an  imaginary  vertical 
column  of  the  material  to  which  the  modulus  belongs,  whose 
weight  would  cause  a  pressure  on  its  base  equal  in  intensity  to 
the  stress  expressed  by  the  given  modulus.  Hence 
Height  of  a  modulus  in  feet 

Modulus  in  lbs.  on  the  square  foot 


Heaviness  of  material  iu  lbs.  to  the  cubic  foot 

Modulus  in  lbs.  on  the  square  inch 
Weight  of  12  cubic  inches  of  the  material* 

Height  of  a  modulus  in  inches 

Modulus  in  lbs.  on  the  square  inch 
Heaviness  of  material  in  lbs.  to  the  cubic  inch ' 
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Height  of  a  modulus  in  metres 

_  Modulus  in  kilogrammes  on  the  square  metre 

~~  Heaviness  of  material  in  kilogrammes  to  the  cubic  metre" 

Several  examples  of  this  mode  of  stating  the  intensity  of  stress 
have  already  been  given;  as  at  pages  474,  475;  and  in  the  Tables, 
page  482. 

Section  II. — Of  Resistance  to  Direct  Tension. 

420.    Strength,  StlflneM,  and   Resilience   of  a  Tie. — The  word  tie 

is  here  used  to  denote  any  piece  in  framing  or  in  mechanism,  such 
as  a  rod,  bar,  band,  cord,  or  chain,  which  is  under  the  action  of  a 
pair  of  equal  and  opposite  longitudinal  forces  tending  to  stretch 
it,  and  to  tear  it  asunder.  The  common  magnitude  of  those  two 
forces  is  the  load ;  and  it  is  equal  to  the  product  of  the  sectional 
area  of  the  piece  into  the  intensity  of  the  tensile  stress.  The 
values  of  that  inteusity,  corresponding  to  the  immediate  breaking 
load,  the  proof  load,  and  the  working  load,  are  called  respectively 
the  moduli  or  co-efficients  of  ultimate  tenacity,  of  proof  tension,  and 
of  working  tension. 

In  symbols,  let  P  be  the  load,  S  the  sectional  area,  and  p  the 
intensity  of  the  tensile  stress ;  then 

P  =  pS (1.) 

If  the  sectional  area  varies  at  different  points,  the  least  area  is  to 
be  taken  into  account  in  calculations  of  strength. 

The  elongation  of  a  tie  produced  by  any  load,  P,  not  exceeding 
the  proof  load,  is  found  as  follows,  provided  the  sectional  area  is 
uniform. 

Let  x  denote  the  original  length  of  the  tie,  A  x  the  elongation, 

A  x 
and  a  =         the  extension ;    that  is,  the  proportion  which  that 
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load  isf'x  -r  K  The  force  which  acts  through  this  space  has  fir 
its  least  value  0,  for  its  greatest  value  P  =  f  S,  and  for  its  mean 
value  f  S  -T-  %;  so  that  the  work  done  in  stretching  the  tie  to  the 
proof  strain  k 

/S  fx  _/*    So: 

2    '   E    "  E  •  T l  } 

The  co-efficient/*2  -f-  E,  by  which  one-half  of  the  volume  of  the 
tie  is  multiplied  in  the  above  formula,  is  called  the  Modulus  of 
Resilience.     For  examples  of  its  value,  see  the  Tables,  page  485. 

A  sudden  pull  of  f  S  -s-  2,  or  one-half  of  the  proof  load,  being 
applied  to  the  bar,  will  produce  the  entire  proof  strain  oif  -s-  E, 
which  is  produced  by  the  gradual  application  of  the  proof  load 
itself;  for  the  work  performed  by  the  action  of  the  constant  force 
f  S  -T-  2,  through  a  given  space,  is  the  same  with  the  work  per- 
formed by  the  action,  through  the  same  space,  of  a  force  increasing 
at  an  uniform  rate  from  0  up  to/*  S.  Hence  a  tie,  to  resist  with 
safety  the  sudden  application  of  a  given  pull,  requires  to  have  twice 
the  strength  that  is  necessary  to  resist  the  gradual  application  and 
steady  action  of  the  same  pull.  This  is  an  illustration  of  the 
principle,  that  the  factor  of  safety  for  a  live  load  is  twice  that  for  a 
dead  load. 

421.   Thla   CyHadrical   and  Spherical  Shells. — Let   T   denote   the 

melius  of  a  thin  hollow  cylinder,  such  as  the  shell  of  a  high-pressure 
boiler; 

t,  the  thickness  of  the  shell ; 

/,  the  ultimate  tenacity  of  the  material,  in  pounds  per  square 
inch; 

p,  the  intensity  of  the  pressure,  in  pounds  per  square  inch,  re- 
quired to  burst  the  shell.  This  ought  to  be  taken  at  six  times  the 
effective  working  pressure — effective  pressure  meaning  the  excess  of 
the  pressure  from  within  above  the  pressure  from  without,  which 
last  is  usually  the  atmospheric  pressure,  of  14*7  lbs.  on  the  square 
inch  or  thereabouts. 

Then 

»=4'; {1) 

and  the  proper  proportion  of  thickness  to  radius  is  given  by  the 
formula, — 

H » 

Thin  spherical  shells  are  twice  as  strong  as  cylindrical  shells  of 
the  same  radius  and  thickness. 

The  tenacity  of  good  wrought-iron  boiler-plates  is  about  50,000  B* 
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per  square  inch.  That  of  a  double-rivetted  joint,  per  square  inch 
of  the  iron  left  between  the  rivet  holes  (if  drilled,  and  not  punched), 
is  the  same;  that  of  a  single-ri vetted  joint  somewhat  less,  as  the 
tension  is  not  uniformly  distributed.  It  is  convenient  in  practice 
to  state  the  tenacity  of  rivetted  joints  in  lbs.  per  square  inch  of 
the  entire  plate;  and  it  is  so  stated  in  the  annexed  table,  in  which 
the  results  for  rivetted  joints  are  from  the  experiments  of  Mr. 
Fairbairn,  and  that  for  a  welded  joint  from  an  experiment  by  Mr. 
Dunn.  The  joints  of  plate-iron  boilers  are  single  rivetted;  but 
from  the  manner  in  which  the  plates  break  joint,  the  ultimate 
tenacity  of  such  boilers  is  considered  to  approach  more  nearly  to> 
that  of  a  double-rivetted  joint  than  to  that  of  a  single-rivetted 
joint. 

Wrought-iron  plate  joints,  double-rivetted,  the  dia- 
meter of  each  hole  being  A  of  the  pitch,  or  dis- 
tance from  centre  to  centre  of  holes, 35,ooo 

Wrought-iron  plate  joints,  sing]',  rivetted, 28,000 

"Wrought-iron  boiler  shells,  with  single-rivetted  joints 

properly  crossed, 34,000 

Wrought-iron  retort,  with  a  welded  joint, 3°>75° 

Cast-iron  boilers,  cylinders,  and  pipeF  (average), 1 6,500 

Malleable  cast-iron  cylinders, 48,000 

422.  Thick  Hollow  Cylinders  and  Spheres. — The  assumption  that 

the  tension  in  a  hollow  cylinder  or  sphere  is  uniformly  distributed 
throughout  the  thickness  of  the  shell  is  approximately  true  only 
when  the  thickness  is  small  as  compared  with  the  radius. 

Let  B  represent  the  external  and  r  the  internal  radius  of  a  thick 
hollow  cylinder,  such  as  a  hydraulic  press,  the  tenacity  of  whose 
•  material  is  f,  and  whose  bursting  pressure  is  p.     Then  we  must 
have 

R*  +  r*  =/; 0") 

and,  oonsequently, 


?-V0H)' « 


V-p 

by  means  of  which  formula,  when  r,  f,  and  p  are  given,  R  may  be 
computed. 

In  the  case  of  a  hollow  sphere  the  following  formulae  give  the 
ratios  of  the  bursting  pressure  to  the  tenacity,  and  of  the  external 
to  the  internal  radius: — 

p  _  2  B»  -  2  H  ^ 

f~    E»  +  2  t*  ' ^»  ■? 
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Section  III. — Of  Resistance  to  Distortion  and  Shearing. 

423.    Distortion  and  Shearing  Strom  In  General. — In  framework 

and  mechanism  many  cases  occur  in  which  the  principal  pieces,  snch 
as  plates,  links,  bars,  or  beams,  being  themselves  subjected  to  ten- 
sion, pressure,  twisting,  or  bending,  are  connected  with  each  other  at 
their  joints  by  rivets,  bolts,  pins,  keys,  or  screws,  which  are  under 
the  action  of  a  shearing  force,  tending  to  make  them  give  way  by 
the  sliding  of  one  part  over  another. 

Every  shearing  stress  is  equivalent  to  a  pair  of  direct  stresses  of 
the  same  intensity,  one  tensile  and  the  other  compressive,  exerted 
in  directions  making  angles  of  45°  with  the  shearing  stress.  Hence 
it  follows  that  a  body  may  give  way  to  a  shearing  stress  either  by 
actual  shearing,  at  a  plane  parallel  to  the  direction  of  the  shearing 
force,  or  by  tearing,  in  a  direction  making  an  angle  of  45°  with  that 
force.  The  manner  of  breaking  depends  on  the  structure  of  the 
material,  hard  and  brittle  materials  giving  way  by  tension,  and  soft 
and  tough  materials  by  shearing. 

When  a  shearing  force  does  not  exceed  the  limit  within  which 
moduli  of  stiffness  are  sensibly  constant,  it  produces  distortion  of 
the  body  on  which  it  acts.  Let  q  denote  the  intensity  of  shearing 
stress  applied  to  the  four  lateral  faces  of  an  originally  square 
prismatic  particle,  so  as  to  distort  it;  and  let  *  be  the  distortion, 
expressed  by  the  tangent  of  Hie  difference  between  each  oj  t/ie  distorted 
angles  of  the  prism  and  a  right  angle;  then 

f-c (1.) 

is  the  modulus  of  transverse  elasticity,  or  resistance  to  distortion;  of 
which  examples  are  given  in  the  tables,  [>age  479. 

One  mode  of  expressing  the  distortion  of  an  originally  square 
prism  is  as  follows : — Let  «  denote  the  proportionate  elongation  of 
one  of  the  diagonals  of  its  end,  and  —  a  the  proportionate  shorten- 
ing of  the  other;  then  the  distortion  is 

,  =  2«. 

C 

The  ratio  ,s  of  the  modulus  of  transverse  elasticity  to  the  modulus 

of  direct   elasticity    defined   in  Article    420,  page  493,    has  dif- 
ferent values  for  different  materials,  ranging  from  0  to  -0.     For 

wrought  iron  and  steel  it  is  about  ~. 
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The  ultimate  shearing  strength,  or  modulus  of  resistance  to 
shearing, — in  other  words,  the  intensity  of  the  greatest  shearing 
stress  when  the  body  is  on  the  point  of  giving  way, — is,  in  wrought 
iron  and  steel,  and  most  other  metals,  equal,  or  nearly  equal,  to  the 
tenacity :  in  cast  iron  it  is  about  once  and  a  half  greater  than  the 
tenacity;  in  timber  it  is  nearly  equal  to  the  tenacity  across  the 
grain.     (See  the  Tables,  page  479.) 

424.    fttreaffili    of  Fastenings    and    Jolnt-Plns. — The    connecting 

pieces  already  referred  to  as  being  exposed  to  the  action  of  a  shear- 
ing force  may  be  distinguished  into  fastenings,  such  as  rivets,  keys, 
wedges,  gibs  and  cottars,  and  screws,  by  which  two  pieces  are 
secured  together  so  as  to  act  as  one  piece;  and  joint-pins,  by  which 
two  pieces  are  so  connected  as  to  be  free  to  turn  about  the  joint. 
It  is  obvious  that  the  figure  of  a  joint-pin,  as  well  as  that  of  the 
hole  or  socket  in  which  it  works,  must  be  that  of  a  surface  of 
revolution,  such  as  a  circular  cylinder;  and  that  the  fit,  though 
accurate,  must  be  easy,  like  that  of  an  axle  in  its  bearings.  Most 
fastenings  and  joint-pins  are  exposed  to  a  bending  as  well  as  to  a 
shearing  action,  and  in  some  cases  the  most  severe  stress  is  that 
arising  from  the  bending  action;  but  in  other  cases  the  most  severe 
stress  is  that  produced  by  the  shearing  load.  These  latter  cases 
are  as  follows  : — All  rivets,  keys,  and  other  fastenings  which  are 
tightly  jammed  in  their  holes;  all  cylindrical  joint-pins,  fixed  at 
one  end,  in  which  the  length  of  the  loaded  part  is  less  thau  one- 
third  of  the  diameter;  and  all  cylindrical  joint-pins,  fixed  at  both 
ends,  in  which  the  length  of  the  loaded  part  is  less  than  two- 
thirds  of  the  diameter. 

J  n  order  that  the  shearing  stress  on  a  connecting  piece  may  be 
uniformly  distributed  over  the  cross-section,  it  is  necessary  that 
the  fastening  should  be  held  so  tight  in  its  hole  or  socket  that  the 
friction  at  its  surface  may  be  at  least  of  equal  intensity  to  the 
shearing  stress ;  and  then  the  intensity  of  that  stress  is  represented 
simply  by  P  -?■  A;  P  being  the  shearing  load,  and  A  the  area 
which  resists  it. 

But  when  the  connecting  piece  fits  easily,  as  must  always  be  the 
case  with  joint-pins,  the  greatest  intensity  of  the  stress,  to  which  the 
strength  of  the  connecting  piece  must  be  adapted,  exceeds  the 
wean  intensity  P  -f-  A,  in  a  ratio  which  depends  on  the  figure  of 
the  cross-section ;  and  whose  values,  for  the  ordinary  figures,  are 

3 

for  rectangular  cross-sections,  ^ ; 

4 
for  circular  and  elliptic  cross-sections,  ^ ; 

and  the  sectional  area  must  accordingly  be  made  %t«Atarc\&k'0os& 

2k 
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ratio  than  the  area  which  would  have  been  sufficient  had  tike 
connecting  piece  fitted  tightly. 

The  chief  kinds  of  connecting  pieces,  to  which  these  principles 
have  to  be  applied,  will  now  be  considered  separately. 

425.  SHvts  are  made  of  the  most  tough  and  ductile  metal     (See, 
for  example,  "  Rivet  Iron,"  in  pages  460  and  482.) 

The  ordinary  dimensions  of  rivets  in  practice  are  as  follows : — 

Diameter  of  a  rivet  for  plates  less  than  half  an  inch  thick,  about 
double  the  thickness  of  the  plate. 

For  plates  of  half  an  inch  thick  and  upwards,  about  once  and  *- 
half  the  thickness  of  the  plate. 

Length  of  a  rivet  before  clenching,  measuring  from  the  head  = 
sum  of  the  thicknesses  of  the  plates  to  be  connected  +  2i  x 
diameter  of  the  rivet. 

The  longitudinal  compression  to  which  a  rivet  is  subjected 
during  the  operation  of  clenching,  whether  by  hand  or  by  machinery, 
tends  to  make  it  fit  its  hole  tightly,  and  thus  to  produce  uniform 
distribution  of  the  stress ;  but  as  such  uniformity  cannot  be  ex- 
pected to  be  always  realized,  it  is  usual  to  assume,  in  practice,  that 
there  is  a  deviation  from  uniformity  of  shearing  stress  sufficient  to 
neutralize  the  greater  toughness  of  the  metal  in  the  rivets  than  in 
the  plates  which  they  connect;  and,  therefore,  the  distance  apart 
of  the  rivets  used  to  connect  two  pieces  of  metal  plate  together  is 
regulated  by  the  rule,  that  the  joint  sectional  area  of  the  rivets  shaU 
be  equal  to  the  sectional  area  of  plate  left  after  punching  the  rivet 
holes.     This  rule  leads  to  the  following  algebraical  formula  :— 

Let  t  denote  the  thickness  of  the  plates ; 
d,  the  diameter  of  a  rivet ; 
n,  the  number  of  ranks  of  rivets  ; 

it  being  understood  that  the  rivets  which  form  a  rank  stand  in  a 
line  perpendicular  to  the  direction  of  the  tension  which  tends  to 
pull  the  plates  asunder. 

c,  the  ])itch9  or  distance  from  centre  to  centre  of  the  adjoin- 
ing rivets  in  one  rank ;  then 

,       -7854  n  d* 
c  =  d  + (1.) 


Each  plate  is  weakened  by  the  rivet  holes  in  the  ratio 

c  _  d  -7854  n  d 


t  +  -785-4  n  d' 


(2.) 


In  w  single-rivetted ,?  joints,  n  =  1 ;  in  "  double-rivetted  "  joints, 
n  =  2,  and  the  two  ranks  of  rivets  form  a  zig-zag;  in  "chain- 
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rivetted"  joints,  n  may  have  any  value  greater  than  1.  A  single- 
rivetted  joint  is  weakened  by  unequal  distribution  of  the  tension 
on  the  plate  in  the  ratio  of  4  :  5. 

Suppose  that  in  a  chain-rivetted  joint  the  pitch  c  from  centre 
to  centre  of  the  rivets  is  fixed,  so  as  not  to  weaken  the  plates  below 
a  given  limit;  then  in  order  to  find  how  many  ranks  of  rivets  there 
should  be, — in  other  words,  how  many  rivets  there  should  be  in 
each  file, — the  following  formula  may  be  used : — 


•7854  d? 

426.  Pins,  Keys,  Wedges,  Gibs,  and  Cottars. — These    fastenings 

are,  like  rivets,  themselves  exposed  to  a  shearing  ioad,  while  they 
serve  to  transmit  a  pull  or  thrust  from  one  piece  in  framework  or 
mechanism  to  another;  and  the  rule  for  determining  their  proper 
sectional  area  is  the  same,  with  this  modification  only,  that  it  is 
safest  in  most,  if  not  in  all  cases,  to  allow  for  the  possibility  of  an 
easy  fit,  according  to  the  rule  stated  at  the  end  of  Article  424,  page 
497. 

In  order  that  a  wedge,  key,  or  cottar  may  be  safe  against  slipping 
out  of  its  seat,  its  angle  of  obliquity  ought  not  to  exceed  the  angle 
of  repose  of  metal  upon  metal,  which,  to  provide  for  the  contin- 
gency of  the  surfaces  being  greasy,  may  be  taken  at  about  4°. 
(Article  309,  page  349.) 

427.  Bolu  and  Screws. — If  a  bolt  has  to  withstand  a  shearing 
stress,  its  diameter  is  to  be  determined  like  that  of  a  cylindrical 
pin.  If  it  has  to  withstand  tension,  its  diameter  is  to  be  determined 
by  having  regard  to  its  tenacity.  In  either  case  the  effective 
diameter  of  the  bolt  is  its  least  diameter;  that  is,  if  it  has  a  screw 
on  it,  the  diameter  of  the  spindle  inside  the  thread.  It  is  to  be 
observed,  however,  that  in  order  to  provide  for  possible  irregularities 
in  the  distribution  of  the  stress,  it  is  customary  to  use  for  screws  a 
very  large  factor  of  safety,  ranging  from  12  to  15;  the  mean  in- 
tensity of  the  working  stress  on  wrought-iron  screws  being  only 
about  4,000  lbs.  on  the  square  inch,  or  2*8  kilogrammes  on  the 
square  millimetre. 

The  ordinary  form  of  section  of  the  thread  of  a  fastening  screw 
is  an  isosceles  triangle  with  the  angles  rounded;  and  according  to 
the  proportions  recommended  by  Mr.  Whitworth,  the  angle  at  the 
summit  is  55°,  making  the  height  of  the  triangle  =  0*96  of  its  base. 
One-sixth  of  that  height  is  taken  away  by  the  rounding  of  the  edge 
of  the  thread,  and  another  sixth  by  the  rounding  of  the  bottom  of 
the  groove,  leaving  two-thirds,  or  0*64  of  the  base ;  and  as  the  base 
of  the  triangle  is  the  pitch  of  the  screw,  the  projection  of  the  thread 
is  0*64  of  the  pitch.  d 
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The  pitch  should  not  in  general  be  greater  than  on^fifth  of  the 
effective  diameter,  and  may  be  considerably  leas :  for  example,  one- 
tenth  and  one-twelfth  are  ordinary  proportions. 

In  order  that  the  resistance  of  a  screw  or  screw-bolt  to  rupture 
by  stripping  a  triangular  thread  may  be  at  least  equal  to  its  resist- 
ance to  direct  tearing  asunder,  the  length  of  the  nut  should  be  at 
least  one-half  of  the  effective  diameter  of  the  screw;  and  it  is 
often  in  practice  considerably  greater;  for  example,  once  and  a 
half  that  diameter. 

The  head  of  a  bolt  is  usually  about  twice  the  diameter  of  the 
spindle,  and  of  a  thickness  which  is  usually  greater  than  five- 
eighths  of  that  diameter. 


Section  IV. — Of  Resistance  to  Twisting  and  WrencJring. 

428.  Twisting  or  Torsion  In  General. — Torsion   is  the  condition 

of  strain  into  which  a  cylindrical  or  prismatic  body  is  put  when  a 
pair  of  couples  of  equal  and  opposite  moment,  tending  to  make  it 
rotate  about  its  axis  in  contrary  directions,  are  applied  to  its  two 
ends.  Such  is  the  condition  of  shafts  which  transmit  motive  power. 
The  moment  is  called  the  twisting  moment,  and  at  each  cross- 
section  of  the  bar  it  is  resisted  by  an  equal  and  opposite  moment  of 
stress.  Each  particle  of  the  shaft  is  in  a  state  of  distortion,  and 
exerts  shearing  stress. 

In  British  measures,  twisting  moments  are  expressed  iu  inch-lbs. 

429.  glrenfflh  of  a  Cylindrical  Sun  ft.     (A.  M.,  321.) — A  cylindrical 

shaft,  A  B,  fig.  267,  being  subjected  to  the  twisting  moment  of  a 

]>air  of  equal  and  opposite  couples  ap- 
plied to  the  cross-sections  A  and  B,  it 
is  required  to  find  the  condition  of 
stress  and  strain  at  any  intermediate 
cross-section,  such  as  S,  and  also  the 
angular  displacement  of  any  cross- 
section  relatively  to  any  other. 

From  the  uniformity  of  the  figure  of 
the  bar,  and  the  uniformity  of  the  twisting  moment,  it  is  evident 
that  the  condition  of  stress  and  strain  of  all  cross-sections  is  the 
same;  also,  because  of  the  circular  figure  of  each  cross-section,  the 
condition  of  stress  and  strain  of  all  particles  at  the  same  distance 
from  the  axis  of  the  cylinder  must  be  alike. 

Suppose  a  circular  layer  to  be  included  between  the  cross-section 
S,  and  another  cross-section  at  the  longitudinal  distance  d  x  from 
it.  The  twisting  moment  causes  one  of  those  cross-sections  to 
rotate  relatively  to  the  other,  about  the  axis  of  the  cylinder,  through 
an  angle  which  may  be  denoted  by  d  $.  Then  if  there  bo  two 
points  at  the  same  distance,  r,  from  the  axis  of  the  cylinder,  one  in 
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the  one  cross-section  and  the  other  in  the  other,  which  points 
were  originally  in  one  straight  line  parallel  to  the  axis  of  the 
cylinder,  the  twisting  moment  shifts  one  of  those  points  laterally, 
relatively  to  the  other,  through  the  distance  r  d  $.  Consequently 
the  part  of  the  layer  which  lies  between  those  points  is  in  a  con- 
dition of  distortion,  in  a  plane  perpendicular  to  the  radius  r;  and 
the  distortion  is  expressed  by  the  ratio 

d*  n\ 

which  varies  proportionally  to  the  distance  from  the  axis.  There 
is  therefore  a  shearing  stress  at  each  point  of  the  cross-section, 
whose  direction  is  perpendicular  to  the  radius  drawn  from  the  axis 
to  that  point,  and  whose  intensity  is  proportional  to  that  radius9 
being  represented  by 

*  =  c'  =  Cr  £? <2> 

The  strength  of  the  shaft  is  determined  in  the  following  man* 
ner: — Let  qY  be  the  limit  of  the  shearing  stress  to  which  the 
material  is  to  be  exposed,  being  the  ultimate  resistance  to  wrench- 
ing if  it  is  to  be  broken,  the  ^rroof  resistance  if  it  is  to  be  tested, 
and  the  working  resistance  if  the  working  moment  of  torsion  is  to 
be  determined.  Let  r.  be  the  external  radius  of  the  axle.  Then 
qY  is  the  value  of  g  at  the  distance  rx  from  the  axis;  and  at  any 
other  distance,  r,  the  intensity  of  the  shearing  stress  is 

*  =  *rr- (3) 

Conceive  the  cross-section  to  be  divided  into  narrow  concentric 
rings,  each  of  the  breadth  d  r.  Let  r  be  the  mean  radius  of  one  of 
these  rings.  Then  its  area  is  2  *rdr;  the  intensity  of  the  shear- 
ing stress  on  it  is  that  given  by  equation  (3),  and  the  leverage  of  that 
stress  relatively  to  the  axis  of  the  cylinder  is  r;  consequently  the 
moment  of  the  shearing  stress  of  the  ring  in  question,  being  the 
product  of  those  three  quantities,  is 


ft. 


ri 


r^dr; 


which  being  integrated  for  all  the  rings  from  the  centre  to  the  cir- 
cumference of  the  cross-section,  gives  for  the  moment  of  torsion, 
and  of  resistance  to  torsion, 

M  =  -ft  rj  =  ^.  ft'*iJ ^ 
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if  h  =  2  rx  be  the  diameter  of  the  shaft 

(|  =  1-5708;  jg  =  0196  nearly). 

If  the  axle  is  hollow,  h^  being  the  diameter  of  the  hollow,  the 
moment  of  torsion  becomes 


M  = 


16 


•?i 


.(5.) 


The  following  formulae  serve  to  calculate  the  diameters  of  shafts 
when  the  twisting  moment  and  stress  are  given;  solid  shafts : — 


(6.) 


hollow  shafts — 


.        /5-1  M\* 


{     51  M      )i 

•-U-a} (7-' 


which  last  formula  serves  to  compute  the  diameter  of  a  hollow 
axle,  when  the  ratio  hQ  :  hx  of  its  internal  and  external  diameter 
has  been  fixed.       (See  pages  581,  584.) 

Values  of  the  ultimate  shearing  strength  of  various  substances 
are  given  in  the  Tables.  As  for  the  working  stress,  a  long 
series  of  practical  trials  has  shown  that  wrought-iron  axles  bear  a 
stress  of  9,000  lbs.  per  square  inch,  or  6-3  kilogrammes  on  the 
square  millimetre,  for  any  length  of  time,  if  well  manufactured  of 
good  material,  the  factor  of  safety  being  about  6.  If  the  ultimate 
shearing  stress  of  cast  iron,  27,000  lbs.  on  the  square  inch,  is 
divided  by  the  same  factor,  the  modulus  of  working  stress  is  found 
to  be  4,500  lbs.  on  the  square  inch,  or  nearly  3*2  kilogrammes  on 
the  square  millimetre. 

It  is  chiefly  in  the  shafting  of  mills  that  those  large  apparent 
factors  of  safety  are  met  with,  referred  to  in  Article  414,  page  490. 

430.  Angle  ©r  Torsion. — Suppose  a  pair  of  diameters,  originally 
parallel,  to  be  drawn  across  the  two  circular  ends,  A  and  B,  fig. 
267,  page  500,  of  a  cylindrical  shaft,  solid  or  hollow ;  it  is  proposed 
to  find  the  angle  which  the  directions  of  those  lines  make  with 
each  other  when  the  shaft  is  twisted,  either  by  the  working  moment 
of  torsion,  or  by  any  other  moment 

This  question  is  solved  by  means  of  equation  (2)  of  Article  429, 
page  501,  which  gives  for  the  angle  of  torsion  per  unit  of  lengthy 


dx 


J_ 
Qr 
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The  condition  of  the  shaft  being  uniform  at  all  points  of  its  length, 
the  above  quantity  is  constant;  and  if  re  be  the  length  of  the  shaft, 
and  6  the  angle  of  torsion  sought,  expressed  in  length  of  arc  to 

radius  1,  we  have  -  =  -=— ,  and  therefore, 

x      ax 

Or  K   ' 

I.  Let  the  moment  of  torsion  be  the  working  moment,  for  which 

2  =  ft  ^  29i. 
r      rt        A.  ' 

the  value  taken  for  the  modulus,  qv  being  the  safe  working  stress. 
Then  the  angle  of  working  torsion  is 

'  =  -ct~' <2-> 

and  is  the  same  whether  the  shaft  is  solid  or  hollow.  This  formula 
gives  the  angle  6  in  circular  measure;  that  is,  in  arc  to  radios 
unity ;  so  that  if  at  each  end  of  the  shaft  there  is  an  arm  of  the 
length  y,  the  displacement  of  the  end  of  one  of  those  arms  relatively 
to  the  other  will  be  y  6. 

Values  of  C,  the  co-efficient  of  transverse  elasticity,  are  given  in 
the  tables.  In  calculating  the  working  torsion  of  wrought-iron 
shafts,  we  may  make 

8  - ftom  ot  *°  iio (3-> 

II.  The  proof  torsion,  to  which  a  shaft  may  be  twisted  by  a 
gradually  applied  load  when  testing  it,  may  be  made  double  the 
working  torsion. 

III.  Let  the  moment  of  torsion  have  any  amount,  M,  consistent 

with  safety.  Then  for  —  we  have  to  put  its  value  in  terms  of  M 
and  /^ ,  and  the  results  are  as  follows : — 

For  solid  sliafis,  -  =  — 7:  and 

9  =  TCI}  =  10'2c^  nearly; (4.) 

For  hollow  shafts.  ^  =  — -^ — --  ;  and 

'  r      *(*i  —  m) 
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0  = 


32  Mx 


Mx 


An  example  of  the  application  of  equation  (4)  has  already  been 
given  in  Article  344. 

431.  The  RMilieace  of  m  CjHmdrittd  Shaft  is  the  product  of  one- 
half  of  the  moment  of  proof  torsion  into  the  corresponding  angle 
of  torsion;  and  it  is  given  by  the  following  equation : — 


-s-  =  "n:  *  ^-tv—  for  a  solid  shaft:  or 
2         10         C 


2 


(1.) 


x  .  rfW-*»»  for  a  honow  ^aft 

16        o  aj 

432.  shaft*  aat  circalar  la  icctiw. — When  the  cross-section  of 

a  shaft  is  not  circular,  it  is  certain  that  the  ratio  -  of  the  shearing 

stress  at  a  given  point  to  the  distance  of  that  point  from  the  axis 
of  the  shaft  is  not  a  constant  quantity  at  different  points  of  the 
cross-section,  and  that  in  many  cases  it  is  not  even  approximately 
constant;  so  that  formulae  founded  on  the  assumption  of  its  being 
constant  are  erroneous.  The  mathematical  investigations  of  M.  de 
St  Venant  have  shown  how  the  intensity  of  the  shearing  stress  is 
distributed  in  certain  cases. 

The  most  important  case  in  practice  to  which  M.  de  St  Venant's 
method  has  been  applied  is  that  of  a  square  shaft;  and  it  appears 
that  its  moment  of  torsion  is  given  by  the  formula, 

M  =  0-281  qlhi  nearly; 

in  which  h  is  one  side  of  the  square  cross-section. 


Section  V. — Of  Resistance  to  Bending  and  Cross- Breaking. 

433.  Resistaace  i«  Beadlag  la  Cteacrai. — In  explaining  the  prin- 
ciples of  the  resistance  which  bodies  oppose  to  bending  and  cross- 
breaking,  it  is  convenient  to  use  the  word  beam,  as  a  general  term 
to  denote  the  body  under  consideration ;  but  those  principles  are 
applicable  not  only  to  beams  for  supporting  weights,  but  to  levers, 
cross-heads,  cross-tails,  shafts,  journals,  cranks,  and  all  pieces  in 
machinery  or  framework  to  which  forces  are  applied  tending  to  bend 
them  and  to  break  them  across ;  that  is  to  say,  forces  transverse  to 
the  axis  of  the  piece. 

Conceive  a  beam  which  is  acted  upon  by  a  combination  of 
parallel  transverse  forces  that  balance  each  other,  to  be  divided 
into  two  parte  by  an  imaginary  transverse  section ;  and  consider 
separately  the  conditions  of  equilibrium  of  one  of  those  parts.     The 
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external  transverse  forces  which  act  ou  that  part,  and  constitute 
the  load  ou  it,  do  not  necessarily  balance  each  other.  Their  result- 
ant may  be  found  by  Rule  IV.  of  Article  280,  page  324.  That 
resultant  is  called  the  Sliearing  Load  at  the  cross-section  under  con- 
sideration, and  it  is  balanced  by  the  Slimring  Stress  exerted  by  the 
particles  which  that  cross-section  traverses.  The  resultant  moment 
of  the  same  set  of  forces,  relatively  to  the  same  cross-section,  may 
l>e  found  by  the  same  rule ;  it  is  called  the  Bending  Moment  at  that 
cross- section,  and  it  is  balanced  (if  the  beam  is  strong  enough)  by 
the  Moment  of  Stress  exerted  by  the  particles  which  the  cross-section 
traverses,  called  also  the  Moment  of  Resistance.  That  moment  of 
stress  is  due  wholly  to  longitudinal  stress,  and  it  is  exerted  in  the 
following  way: — The  bending  of  the  beam  causes  the  originally 
straight  layers  of  particles  to  become  curved;  those  near  the 
concave  side  of  the  beam  become  shortened;  those  near  the 
convex  side,  lengthened;  the  shortened  layers  exert  longitudinal 
thrust ;  the  lengthened  layers,  longitudinal  tension ;  the  resultant 
thrust  and  the  resultant  tension  are  equal  and  opposite,  and  conv- 
]>ose  a  couple,  whose  moment  is  the  moment  of  stress,  equal  and 
opposite  to  the  bending  moment 

In  problems  respecting  the  transverse  strength  and  stiffness  ol 
beam 8  there  are  four  processes :  first,  to  determine  the  shearing 
load  and  bending  moment  produced  by  the  transverse  external 
forces  at  different  cross-sections,  and  especially  at  those  cross- 
sections  at  which  they  act  most  severely;  secondly,  to  determine 
the  relations  between  the  dimensions  and  figure  of  a  cross-section 
of  the  beam,  and  the  moment  of  stress  which  that  cross-section 
is  capable  of  exerting,  so  that  each  cross-section,  and  especially  that 
at  which  the  bending  moment  is  greatest,  may  have  sufficient 
strength ;  thirdly,  to  determine  the  relations  between  the  dimen- 
sions and  figure  of  the  beam  and  the  deflection  produced  by  the 
bending  moments,  in  order  that  the  beam  may  be  so  designed  as 
to  have  sufficient  stiffness  or  sufficient  flexibility,  according  to  its 
purpose. 

434.   Calculation    of  Shearing    I«oad»   and    Beading    Moments.— 

In  the  formula?  which  follow,  the  shearing  load  at  a  given  cross- 
section  will  be  denoted  by  F,  and  the  bending  moment  by  M.  In 
British  measures  it  is  most  convenient  to  express  the  bending 
moment  in  inch-lbs.,  because  of  the  transverse  dimensions  of  pieces 
in  machines  being  expressed  in  inches. 

The  mathematical  process  for  finding  F  and  M  at  any  given 
cross-section  of  a  beam,  though  always  the  same  in  principle,  may 
be  varied  considerably  in  detail.  The  following  is  on  the  whole 
the  most  convenient  way  of  conducting  it : — 

Fig.  268  represents  a  beam  supported  at  both  ends,  and  loaded 
between  them.     Fig.  269  represents  a  bracket;  \2taX»  S&>*b\KM»\ 
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tupportcd  and  fixed  at  one  end,  and  loaded  on  a  projecting  portka. 
P,  Q,  represent  in  each  case  the  supporting  forces;  in  fig.  268,  Wp 


^ay*a> 


▼      4-     i     if 


Fig.  268. 


Wj,  W8,  <fcc,  represent  portions  of  the  load;  in  fig.  269,  We  re- 
presents the  endmost  portion  of  the  load,  and  Wj,  Wj,  Wj,  other 
portions;  in  both  figures,  A&,  AXg,  Aa^,  &a,  denote  the  lengths  of 
the  intervals  into  which  the  lines  of  action  of  the  portions  of  the 
load  divide  the  longitudinal  axis  of  the  beam.  The  forces  marked 
W  may  be  the  weights  of  parts  of  the  beam  itself,  or  of  bodies 
carried  by  it;  or  they  may  be  forces  exerted  by  moving  pieces  in  a 
machine  on  each  other ;  or,  in  short,  they  may  be  any  external 
transverse  forces.  If  the  body  called  the  beam  is  a  abaft,  P  and 
Q  will  be  the  bearing  pressures. 

The  figures  represent  the  load  as  applied  at  detached  points; 
but  when  it  is  continuously  distributed,  the  length  of  any  in- 
definitely short  portion  of  the  beam  may  be  denoted  by  d  x,  the 
intensity  of  the  load  upon  it  per  unit  of  lengUi  by  to,  and  the 
amount  of  the  load  upon  it  by  w  d  x. 

The  process  to  be  gone  through  will  then  consist  of  the  following 
steps : — 

Step  I.  To  find  tlie  Supporting  Forces  or  Bearing  Pressures,  P 
and  Q. — Assume  any  convenient  point  in  the  longitudinal  axis 
as  origin  of  co-ordinates,  and  fiud  the  distance  x0  of  the  resultant 
of  the  load  from  it,  by  Rule  IV.  of  Article  280,  pages  324,  325 ; 
that  is  to  say, 

2a;  W  1 


*o  = 


*0  = 


2-W  ' 

/  xwdx 

fiodz 


or 


(2.) 


Then,  by  Rule  II.  of  Article  280,  page  323,  find  the  two  sup- 
porting forces  or  bearing  pressures,  P  and  Q ;  that  is  to  say,  let  K 
be  the  resultant  load,  and  P  R  and  R  Q  its  distances  from  the 
points  of  support;  and  make 
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PQ:PR:QR 
:R  :    Q    : 


?i 


(3.) 


Step  IL  To  find  the  Shearing  Loads  at  a  Serves  of  Sections. — In 
what  position  soever  the  origin  of  co-ordinates  may  have  been 
daring  the  previous  step,  assume  it  now,  in  a  beam  supported  at 
both  ends,  to  be  at  one  of  the  points  of  support  (as  A,  fig.  268),  and 
in  a  bracket  to  be  at  the  loaded  point  farthest  from  the  fixed  end 
(as  A,  fig.  269).     Consider  P  as  positive  and  W  as  negative. 

Then  the  shearing  load  in  any  given  interval  of  the  length  of 
the  beam  is  the  resultant  of  all  the  forces  acting  on  the  beam  from 
the  origin  to  that  interval;  so  that  it  has  the  series  of  values, 


In  Fig.  268. 

r12  =  p—  wl5 

F^P— Wx  —  W2; 
FU=:F-W1—WS—W3; 

and  generally, 

F  =  P  —  2-W;...(4.) 


In  Fig.  269. 
-F01=W0; 
-Flt  =  W0  +  W1; 

—  F28=W0  +  W1+W2; 
_F84=W0  +  W1  +  W2+WS 

<fec; 
and  generally, 

—  F  =  2W; (5.) 


so  that  the  shearing  loads  which  act  in  a  series  of  intervals  of  the 
length  of  the  beam  can  be  computed  by  successive  subtractions  or 
successive  additions,  as  the  case  may  be. 

For  a  continuously  distributed  load,  these  equations  become 
respectively, 

In  a  beam  supported  at  both  ends,  F  =  P  —  /     w  d  x;  (6.) 

In  a  bracket,  —  F  =  /     w  d  x; (7.) 

in  which  expressions,  x*  denotes  the  distance  from  the  origin,  A,  to 
the  plane  of  section  under  consideration. 

The  positive  and  negative  signs  distinguish  the  two  contrary 
directions  of  the  distortion  which  the  shearing  load  tends  to 
produce. 

The  Greatest  fthearlag  i.oad  acts  in  a  beam  supported  at  both 
ends,  close  to  one  or  other  of  the  points  of  support,  and  its  value 
is  either  P  or  Q.  In  a  bracket,  the  greatest  shearing  load  on  the 
projecting  part  acts  close  to  the  outer  point  of  support,  and  its 
value  is  equal  to  the  entire  load. 

In  a  beam  supported  at  both  ends  the  Shearing  Lead  vanishes, 
or  changes  from  positive  to  negative,  at  some  intermediate  section, 
whose  position  may  be  found  from  equation  (4)  or  equation  (6),  by 
making  F  =  0.     At  the  second  point  of  support,  F  =  —  Q. 

Step  III.  To  find  the  Bending  Moment*  at  a  Serves  of  Sec&orcva, — 
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At  the  origin  A  there  is  no  bending  moment  Multiply  the 
length  of  each  of  the  intervals  A  £  of  the  longitudinal  axis  of  the 
beam  by  the  shearing  load  F,  which  acts  throughout  that  interval; 
the  first  of  the  products  so  obtained  is  the  bending  moment  at 
the  inner  end  of  the  first  interval ;  and  by  adding  to  it  the  other 
products  successively,  there  are  obtained  successively  the  bending 
moments  at  the  inner  ends  of  the  other  intervals.41 
That  is  to  say, — bending  moment 

at  the  origin  A ;  M0  =  0 ; 

at  the  line  of  action  of  W1;  Mx  =  F01  •  A  X\ ) 

Ws;  M,  =  Fw  •  A  *!  +  Flt  A«t; 
(fee.  &c 

and  generally,  M  =  2*FA* (8.) 

If  the  divisions  A  x  are  of  equal  lengths,  this  becomes 

M  =  A*'2F; (9.) 

and  for  a  continuously  distributed  load, 


M 


=  fS¥dx (10.) 

J   0 


Substituting  for  F,  equation  (10),  its  values  as  given  by  equa- 
tion (6)  and  (7)  respectively,  we  obtain  the  following  results  : — 
For  a  beam  supported  at  both  ends, 

M^Pi*'-  [    f'wdx* 

J   o  J  0 

=  Pxx-  /     (x  -  x)  w  d  x; (11.) 

J   0 

For  a  beam  fixed  at  one  end, 

-M=  ['  f* wdx*=   [* ' (rt-xSwdx; (12.) 

J  o  •'  o  J  0 

in  the  latter  of  which  equations  the  symbol  —  M  denotes  that  the 
bending  moment  acts  downwards. 

The  Greatest  Bending  moment  acts,  in  a  bracket,  at  the  outer 
point  of  support ;  and  in  a  beam  supported  at  both  ends,  at  the 
section  where  the  shearing  load  vanishes. 

Step  IV.  To  deduce  the  Shearing  Load  and  Bending  Moment  in 
one  Beam  from  tiwee  in  anotJter  Beam  similarly  supported  and 
loaded. — This  is  done  by  the  aid  of  the  following  principles  : — 

When  beams  differing  in  length  and  in  t/ie  amounts  of  (Jie  loads 
upon  them  are  similarly  supported,  and  have  their  loads  similarly  dis- 
tributed, the  eliearing  loads  at  corresponding  sections  in  them  vary  of 

•  See  Mr.  Herbert  Ia^kd^^^rv^Ou  (tow.  Bridges, 
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the  total  loads,  and  tlie  bending  moments  as  the  products  of  the  loads 
and  lengtJis. 

The  length  between  the  points  of  support  of  a  beam  supported  at 
the  ends,  as  in  fig.  268,  is  often  called  the  span. 

435.  Example*. — In  the  following  formulae,  which  are  examples 
of  the  application  of  the  principles  of  the  preceding  Article  to  the 
cases  which  occur  most  frequently  in  practice,  W  denotes  the  total 
load; 

w,  when  the  load  is  distributed,  the  load  per  unit  of  length  of 
the  beam ; 

c,  in  brackets,  the  length  of  the  free  part  of  the  bracket ; 

c,  in  beams  either  loaded  or  supported  at  both  ends,  the  half 
span,  between  the  extreme  points  of  load  or  support  and  the 
middle; 

M,  the  greatest  bending  moment. 

I.  Bracket  fixed  at  one  end  and  loaded  )         -^ ,y         /,  x 

at  the  other, j  *  "' 

II.  Bracket  fixed  at  one   end  and  uni- )..-.       cW     w  c2 

formly  loaded, ]  M  =  ~2T  =  ~2~  (    ' 

III.  Beam   supported  at  both  ends  and  1 

loaded  at  an  intermediate   point,  1  «_ (c2  —  a8)  W  . 

whose  distance  from  the  middle  of  j  2c  ' 

the  span  is  x> j 

IV.  Beam  supported  at   both   ends  and  \  .        m  lut      c  W, 

loaded  in  the  middle, j  \x  =°)>  M  =  IfV4-) 

V.  Beam  supported   at  both   ends  and  )  M cW toe2 

uniformly  loaded, j       ~~  ~4~"~   2  ^ 

VI.  If  a  beam  has  equal  and  opposite  couples  applied  to  its  two 
ends;  for  example,  if  the  beam  in  fig.  270  has  the  couple  of  equal 
and  opposite  forces  P1  applied  at  A  and  B,  and  the  couple  of 
equal  and  opposite  forces  P2  at  C  and  D, 

and  if  the  opposite  moments  Px  •  A  B     tp>  *p 

=  P2  •  C  D  =  M  are  equal,  then  each 
of  the  endmost  divisions,  A  B  and 
C  D,  is  in  the  condition  of  a  bracket 
fixed    at   one    end  and   loaded   at   the  **V 

other    (Example    I.);   and  the  middle  Fig. 270. 

division,  B  C,  is   acted   upon    by  the 

uniform  bending  moment  M,  and  by  no  shearing  load. 

VII.  Let  a  beam  of  the  half-span  c  be  loaded  with  an  uni- 
formly distributed  load  of  w  units  of  weight  per  unit  of  span ;  and 
at  a  point  whese  distance  from  the  middle  of  the  a^&a  \&  a)\s&40&Kftfe 


w 
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be  applied  an  additional  load  W.     It  is  required  to  find  as,  the  dis- 
tance from  the  middle  of  the  span  at  which  the  greatest  bending 
moment  is  exerted,  and  M,  that  greatest  moment. 
Make 

W 

2  cw 
then  the  solutions  are  as  follows  : — 

Case  1. — When  -  =  or  ^  ■=— : —  :  x=sm(e  —  a);  and 

-mm  m     a  z —       m  «b     mmm    * 

M 


w  *  (^  _i_  may  /A  x 


Case  2. — When  -  =  or  ^  T— -. — ;  *  =  a;  and 

c  i  -T  tn 

M=^(l  +  «»)(l-g) (7.) 

In  the  following  case  both  sets  of  formula  give  the  same  result; 

when  —  =  •= — ; :  x  =  a  =  m  (c  —  a):  and 

c       1  +  m  x  ' 

»="/-CtS)* « 

436.  Bending   momenta    nrodnced    ky   IiOngltndlftnal   mmm   OMInne 

Force*. — When  a  bar  is  acted  upon  at  a  given  cross-section  by  any 
external  force,  whose  line  of  action,  whether  transverse,  oblique,  or 
parallel  to  the  axis  of  the  bar,  does  not  traverse  the  centre  of 
magnitude  of  that  cross-section  (see  Article  293,  page  334),  that 
force  exerts  a  moment  upon  that  cross-section  equal  to  the  product 
of  the  force  into  the  perpendicular  distance  of  its  line  of  action 
from  the  centre  of  the  cross-section,  and  that  moment  is  to  be 
balanced  by  the  moment  of  longitudinal  stress  at  the  cross-section. 
The  external  force  may  be  resolved  into  a  longitudinal  and  a 
transverse  component  The  longitudinal  component  is  balanced 
by  an  uniform  longitudinal  tension  or  pressure,  as  the  case  may  be, 
exerted  at  the  cross-section,  and  combined  with  the  stress  which 
resists  the  bending  moment;  and  the  transverse  component  is  re- 
sisted by  shearing  stress. 

437.  moment  of  Sires* — Transverse  Strength. — The  bending  mo- 
ment at  each  cross-section  of  a  beam  bends  the  beam  so  as  to  make 
any  originally  plane  longitudinal  layer  of  the  beam,  perpendicular 
to  the  plane  in  which  the  load  acts,  become  concave  in  the  direction 
towards  which  the  moment  acts,  and  convex  in  the   opposite. 
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Fig.  271. 


direction.     Thus,  fig.  271  represents  a  side  view  of  a  short  portion 
of  a  bent  beam ;  C  C  is  a  layer,  originally 
plane,  which  is  now  bent  so  as  to  become 
concave  at  one  side  and  convex  at  the 
other.  c 

The  layers  at  and  near  the  concave  side 
of  the  beam,  A  A',  are  shortened,  and  the 
layers  near  the  convex  side,  B  B',  length- 
ened, by  the  bending  action  of  the  load. 
There  is  one  intermediate  surface,  O  O',  which  is  neither  lengthened 
nor  shortened;  it  is  called  the  "neutral  surface."  The  particles  at 
that  surface  are  not  necessarily,  however,  in  a  state  devoid  of 
strain;  for,  in  common  with  the  other  particles  of  the  beam,  they 
are  compressed  and  extended  in  a  pair  of  diagonal  directions, 
making  angles  of  45°  with  the  neutral  surface,  by  the  shearing 
action  of  the  load,  when  such  action  exists. 

The  condition  of  the  particles  of  a  beam,  produced  by  the  com- 
bined bending  and  shearing  actions  of  the  load,  is  illustrated  by  fig. 
272,  which  represents  a  vertical  longitudinal  section  of  a  rectangular 
beam,  supported  at  the  ends,  and  loaded  at  intermediate  points* 
It  is  covered  with  a  network  consist- 
ing of  two  sets  of  curves  cutting  each 
other  at  right  angles.  The  curves 
convex  upwards  are  lines  of  direct 
thrust;  those  convex  downwards  are 
lines  of  direct  tension.  A  pair  of 
tangents  to  the  pair  of  curves  which  traverse  any  particle  are  the 
axes  of  stress  of  that  particle.  The  neutral  surface  is  cut  by  both 
sets  of  curves  at  angles  of  45°.  At  that  vertical  section  of  the 
beam  where  the  shearing  load  vanishes,  and  the  bending  moment  is 
greatest,  both  sets  of  curves  become  parallel  to  the  neutral  surface. 

When  a  beam  breaks  under  the  bending  action  of  its  load,  it 
gives  way  either  by  the  crushing  of  the  compressed  side,  A  A',  or 
by  the  tearing  of  the  stretched  side,  B  B/. 

In  fig.  273,  A  represents  a 
beam  of  a  granular  material,  like 
cast  iron,  giving  way  by  the 
crushing  of  the  compressed  side, 
out  of  which  a  sort  of  wedge  is  Fig.  273. 

forced.      B    represents   a   beam 
giving  way  by  the  tearing  asunder  of  the  stretched  side. 

The  resistance  of  a  beam  to  bending  and  cross-breaking  at  any 
given  cross-section  is  the  moment  of  a  couple,  consisting  of  the 
thrust  along  the  longitudinally-compressed  layers,  and  the  equal 
and  opposite  teusion  along  the  longitudinally-stretched  layers. 

It  has  been  found  by  experiment,  that  in  most  cases  which,  qc/qm* 


Big.  272. 
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in  practice,  the  longitudinal  stress  of  the  layers  of  a  beam  may, 
without  material  error,  be  assumed  to  be  uniformly  varying,  its 
intensity  being  simply  proportional  to  the  distance  of  the  layer 
from  the  neutral  surface. 

Let  tig.  274  represent  a  cross-section  of  a  beam  (such  as  that 
represented  in  fig.  271),  A  the  compressed  side,  B 
A  the  extended  side,  C  any  layer,  and  O  O  the  neutral 

V.        ^J    axis  of  the  section,  being  the  line  in  which  it  is  cut 
o— -\--/--— o  by  the  neutral  surface.     Let  p  denote  the  intensity 
]  1  of  the  stress  along  the  layer  C,  and  y  the  distance 

Y)         of  that  layer  from  the  neutral  axis.     Because  the 
»  stress  is  uniformly  varying,  p  •*-  y  is  a  constant 

Fig.  274.      quantity.     Let  that  constant  be  denoted  for  the 
present  by  a. 
Let  z  be  the  breadth  of  the  layer  C,  and  d  y  its  thickness; 
Then  the  amount  of  stress  along  it  is 

pzdy=zayzdy; 

the  amount  of  the  stress  along  all  the  layers  at  the  given  cross- 
section  is 


a  j  yzdy; 


and  this  amount  must  be  nothing, — in  other  words,  the  total  thrust 
and  total  tension  at  the  cross-section  must  be  equal, — because  the 
forces  applied  to  the  beam  are  wholly  transverse ;  from  which  it 
follows,  that 

J  yzdy  =  0, (1.) 

and  the  neidral  axis  traverses  tfie  centre  of  magnitude  of  the  cross- 
section.  This  principle  enables  the  neutral  axis  to  be  found  by  the 
aid  of  the  methods  explained  in  Article  293,  page  334. 

To  find  the  greatest  value  of  the  constant  p  +  y  consistent  with 
the  strength  of  the  beam  at  the  given  cross-section,  let  ya  be  the 
distance  of  the  compressed  side,  and  yb  that  of  the  extended  side 
from  the  neutral  axis;  fa  the  greatest  thrust,  andy"»  the  greatest 
tension,  which  the  material  can  bear  in  the  form  of  a  beam;  com- 
pute fa  -r-  yai  and/>  -j-  yb,  and  adopt  the  less  of  those  two  quantities 
as  the  value  of  p  -e-  y,  which  may  now  be  denoted  by  f  -r  yv\ 
f  being  fa  or  fb,  and  yx  being  ya  or  y6l  according  as  the  beam  is 
liable  to  give  way  by  crushing  or  by  tearing. 

For  the  best  economy  of  material,  the  two  quotients  ought  to  be 
equal ;  that  is  to  say, 

J    _    / a   _  fb     _  Ja   +  /».  /I    A  \ 

Vi     Va     y»        h    ' 

and  this  gives  what  is  called  a  cross-section  of  equal  strength. 
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The  moment  relatively  to  the  neutral  axis,  of  the  stress  exerted 
along  any  given  layer  of  the  cross-section,  is 

f 
ypzdy=z'-  y*zdy; 
Vi 

and  the  sum  of  all  such  moments,  being  the  moment  op  stress,  or 
moment  of  resistance  of  the  given  cross-section  of  the  beam  to 
breaking  across,  is  given  by  the  formula, 

M=/Py^y  =  £j>  *  d  y; (2.) 

or  making  \y*zdy  =  I, 

M=-^ (2  a.) 

When  the  breaking  load  is  in  question,  the  co-efficient/ is  what 
is  called  the  modulus  of  rupture  of  the  material. 

When  the  proof  load  or  working  load  is  in  question,  the  co- 
efficient f  is  the  modulus  of  rupture  divided  by  a  suitable  factor 
of  safety,  which,  for  the  working  stress  in  parts  of  machinery  that 
are  made  of  metal,  is  usually  6,  and  for  the  parts  made  of  wood,  10. 
Thus,  the  working  modulus  /is  usually  9,000  lbs.  on  the  square 
inch  for  wrought  iron,  4,500  for  cast  iron,  and  from  1,000  to  1,200 
for  wood. 

The  factor  denoted  by  I  in  the  preceding  equation  is  what  is 
called  the  "  geometrical  moment  of  inertia  "  of  the  cross-section  of 
the  beam.  For  sections  whose  figures  are  similar,  or  are  parallel 
projections  of  each  other,  the  moments  of  inertia  are  to  each  other 
as  the  breadths,  and  as  the  cubes  of  the  depths  of  the  sections;  and 
the  values  of  yx  are  as  the  depths.  If,  therefore,  6  be  the  breadth 
and  A  the  depth  of  the  rectangle  circumscribing  the  cross-section  of 
a  given  beam  at  the  point  where  the  moment  of  stress  is  greatest, 
we  may  put 

I  =  n>bh\ (3.) 

V  =  »'*> (4.) 

vC  and  m'  being  numerical  factors  depending  on  the  form  of  section; 
and  making  n  ~  m'  =  n,  the  moment  of  resistance  may  be  thus 

M  =  nfbh*. (5.) 

Hence  it  appears  that  the  resistances  of  similar  cross-sections  to 
cross-breaking  are  as  their  breadths  and  as  the  square*  of  tfasvc  dft^tai* 

2l 
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Another  way  of  expressing  the  moment  of  resistance  is  as 
follows : — Let  S  be  the  sectional  area  of  the  beam,  then  we  have 

I  =  yfe'A2S. (3iL) 

in  which  k  h2  is  the  radius  of  gyration  of  the  cross-section,  k  being 
a  numerical  factor  depending  on  the  form  of  section.  Then  making 
Jd  ~  ml  =  k,  the  moment  of  resistance  may  be  thus  expressed  : — 

M  =  kfh  S (5  a.) 

The  relation  between  the  load  and  the  dimensions  of  a  beam  is 
found  by  equating  the  value  of  the  greatest  bending  moment  in 
terms  of  the  load  and  span  of  the  beam,  as  given  in  Articles  434, 
435,  436,  pages  505  to  510,  to  the  value  of  the  moment  of  resistance 
of  the  beam,  at  the  cross-section  where  that  greatest  bending 
moment  acts,  as  given  in  equation  (5)  or  equation  (5  a)  of  this 
Article. 

The  depth  h  is  usually  fixed  by  considerations  of  stiffness,  to  be 
explained  further  on;  and  then  the  unknown  quantity  is  either 
the  breadth,  b,  or  sectional  area,  S,  according  as  equation  (5)  or  equa- 
tion (5  a)  is  made  use  of.  Sometimes,  as  when  the  cross-section  is 
circular  or  square,  we  have  b  =  h;  and  then  we  have  A8,  instead  of 
6  h2  in  equation  (5),  which  is  solved  so  as  to  give  /*  by  extraction  of 
the  cube  root.  The  following  are  the  formulas  for  these  calcula- 
tions : — 

M. 

and  when  h  =  b, 


b  =  rrn> (7.) 


»-(5)* ™ 

s=m p*> 

In  finding  the  value  of  the  geometrical  moment  of  inertia  I  of 
cross-sections  of  complex  figure,  the  following  rules  are  useful : — 

If  a  complex  cross-section  is  made  up  of  a  number  of  simple 
figures,  conceive  the  centre  of  magnitude  of  each  of  those  figures 
to  be  traversed  by  a  neutral  axis  parallel  to  the  neutral  axis  of  the 
whole  section.  Find  the  moment  of  inertia  of  each  of  the  com- 
ponent figures  relatively  to  its  own  neutral  axis ;  multiply  its  area 
by  the  square  of  the  distance  between  its  own  neutral  axis  and 
the  neutral  axis  of  the  whole  section;  and  add  together  all  the 
results  so  found,  for  the  moment  of  inertia  of  the  whole  section. 
To  express  this  in  symbols,  let  S'  be  the  area  of  any  one  of  the 
component  figures,  \f  the  distance  of  its  neutral  axis  from  the 
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neutral  axis  of  the  whole  section,  I'  its  moment  of  inertia  relatively 
to  its  own  neutral  axis;  then  the  moment  of  inertia  of  the  whole 
section  is 

I  =  2  •  T  +  2  •  y*  A' (8.) 

When  the  figure  of  the  cross-section  can  be  made  by  taking 
away  one  simpler  figure  from  another,  both  the  area  and  the 
moment  of  inertia  of  the  subtracted  figure  are  to  be  considered 
as  negative,  and  so  treated,  in  making  use  of  equation  (8). 

Examples  of  the  Numerical  Factors  in  Equations  (3),  (4), 

(5),  and  (7). 


Form  of  Cross-Sections. 


L  Rectangle  6  A, 

(including  square) 

IL  Ellipse- 
Vertical  axis  A, 

Horizontal  axis  6, 

(including  circle) 

ILL  Hollow  rectangle,  b  A — b'  A';  > 
also  I  -  formed  section,  f 
where  b'  is  the  sum  of  the  > 
breadths  of  the  lateral  \ 
hollows, ' 


IV.  Hollow  square — 
K'  —  h'\ 


V.  Hollow  ellipse, 


VI.  Hollow  circle,, 


VII.  Isosceles  triangle;  base  6, 
height  A ;  yx  measured 
from  summit, 


n'  = 


bh 


»• 


2_ 

12 


1 


64    20*4 
-  00491 


40 


bh*) 


12  V        A4/ 


64  V        6AV 


64  V        A4/ 


36 


2 


1 
2 


1^ 
2 


1_ 
2 


1_ 
2 


2 
3 


»  = 


M 


fbh*' 


1 
6 


1 


32    1U-2 
=  00982 


6  V         bh1) 


Id-*') 
6\       A4/ 


32  V        bh%) 


32  V       AV 


_1 

24 
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Examples  of  the  Numerical  Factor  k  in  Equations  (5  a) 

and  (7  b). 

M 
Form  or  Ckom-Sbctioit.  *  =  — -> 

I.  Rectangle, ^. 

II.  Ellipse  and  circle, -. 

III.  Hollow  rectangle, 

S  =  b  h  —  b  h'\  also  I-shaped 

section,  b'  being  the  sum  of  1   73 

the  depths  of  the  lateral  1  — —  - 

hollows, *^_. 

0  (l "? 

IV.  Hollow  square,  S  =  /i2  -  A*  .«  \(l  +  Jt)- 
V.       Do.,         very  thin  (approx.),  -. 

VI.  Hollow  ellipse, \(l  -  *  **)  -r  (l  -  *-*). 

TIL  Hollow  circle, -fl  +  -72)- 

VIII.       Do.,         very  thin  (approx.), 

IX.  T-shaped   section;    flange   A,  n  . 

web  C ;  S  =  A  +  C  (approx.),  °  (C    *  4  A> 

6(C  +  A)  (C  +  2  A)' 

X.  I-shaped  section ;  flanges  A,  B ; 
webC;  S  =  A  +  B  +  C;  the 
beam  supposed  to  give  way  at  p  fr  .  -r\  .  10  a  u 

the  flange  A  (approx.), 0(0  -r  4  A  +  4  Bj+^lgAJ* 

b        V  F1        *  6(C  +  2B)(A  +  B  +  C)     * 

X.  A.  Do.,         do.,         the  beam  sup- 
posed to  give  way  at  the  flange  ~  lr%     A  k      .  T.v     lti  .  _ 

B  (approx.),...... C(C  +  *  A  +  4  B)  + 12  A  B 

v  ir       '  6(C  +  2A)(A  +  B  +  C)    ' 

XI.  I-sha])ed    section,    with   equal 

flangesA  =  B;S  =  C  +  2A        w  ,  A      s 
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438.  liMgtiadtaai  InKmn  of  VmUmwm  Butm§jih  are  those  in 
which  the  dimensions  of  the  cross-section  are  varied  in  such  a 
manner  that  its  safe  working  moment  of  resistance  is  equal  to  the 
working  bending  moment  at  each  section  of  the  beam,  and  not 
merely  at  the  section  where  the  bending  moment  is  greatest  That 
moment  of  resistance,  for  figures  of  the  same  kind,  being  propor- 
tional to  the  breadth  and  to  the  square  of  the  depth,  can  be  varied 
either  by  varying  the  breadth,  the  depth,  or  both.  The  law  of 
variation  depends  upon  the  mode  of  variation  of  the  moment  of 
flexure  of  the  beam  from  point  to  point,  and  this  depends  on  the 
distribution  of  the  load  and  of  the  supporting  forces,  in  a  way 
which  has  been  stated  in  previous  Articles.  When  the  depth  of 
the  beam  is  made  uniform,  and  the  breadth  varied,  the  vertical 
longitudinal  section  is  rectangular,  and  the  horizontal  longitudinal 
section  ia  of  a  figure  depending  on  the  mode  of  variation  of  the 
breadth.  When  the  breadth  of  the  beam  is  made  uniform,  and  the 
depth  varied,  the  horizontal  longitudinal  section  is  rectangular, 
and  the  vertical  longitudinal  section  is  of  a  figure  depending  on 
the  mode  of  variation  of  the  depth.  When  the  beam,  or  the  body 
which  acts  as  a  beam,  is  of  circular  cross-section,  so  that  the  breadth 
and  depth  are  equal,  each  being  a  diameter  of  the  cross-section,  the 
diameter  varies  as  the  cube  root  of  the  bending  moment.  This 
case  occurs  in  axles  which  are  exposed  to  a  bending  moment,  and 
not  to  a  twisting  moment  The  following  are  examples  of  the  results 
of  those  principles : — 

L  Fixed  at  one  end,  loaded  at  the  other;  b  A*  varies  as  the 
distance  from  the  loaded  end. 

II.  Fixed  at  one  end,  uniformly  loaded;  b  A8  varies  as  the  square 
of  distance  from  the  free  end. 

III.  Supported  at  ends,  loaded  at  an  intermediate  point;  6 A* 
varies  as  the  distance  from  the  adjacent  point  of  support 

IV.  Supported  at  ends,  uniformly  loaded;  bh*  varies  as  the 
product  of  the  distances  from  the  points  of  support 

In  applying  the  principles  of  this  Article,  it  is  to  be  borne  in 
mind  that  they  do  not  take  the  shearing  load  into  account;  and 
that,  consequently,  the  figures  described  in  the  above  examples 
may  require,  at  and  near  the  points  where  the  shearing  load  is 
greatest,  some  additional  sectional  area,  to  enable  them  to  with- 
stand that  load,  especially  in  examples  III.  and  IV.;  for  in  these 
cases  the  shearing  load  is  greatest  at  the  points  of  support,  where 
there  is  no  bending  moment 

439.  Deflection  of  Beams. — Four  sorts  of  problems  occur  in  con- 
nection with  the  deflection  and  the  stiffness  of  beams;  first,  to  find 
the  proof,  or  greatest  safe  deflection,  being  the  deflection  under  the 
proof  load;  secondly,  the  deflection  under  any  given  load,  not  ex- 
ceeding  the  proof  load;  thirdly,  to  find  the  dimensions  of  a  beam. 
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which  shall  have  a  given  deflection  under  its  proof  load,  or  under 
some  other  given  load ;  fourthly,  from  the  observed  deflection  it  maj 
be  required  to  deduce  the  intensity  of  the  most  severe  stress. 
The  following  are  the  rules  : — 

To  find  the  curvature  (that  is,  the  reciprocal  of  the  radios  of 
curvature)  of  an  originally  straight  beam  at  a  given  cross- 
section. 

L  The  cross-section  under  its  proof  stress.  Divide  the  proof 
stress  (/i)  by  the  distance  of  the  most  severely-strained  particles 
from  the  neutral  axis,  and  by  the  modulus  of  elasticity;  the 
quotient  will  be  the  proof  curvature; 


■      E*  <L> 

II.  The  bending  moment  given.  Divide  the  bending  moment 
by  the  moment  of  inertia  of  the  given  cross-section  (see  Article 
437,  page  513),  and  by  the  modulus  of  elasticity  of  the  material. 
In  symbols,  let  r  be  the  radius  of  curvature ;  then 

1       M 

r  =  ET <*> 

III.  To  find  the  inclination  of  the  longitudinal  axis  of  the  beam 
to  its  original  direction  at  a  given  point.  Divide  the  length  of 
the  beam  into  small  intervals  (d  x) ;  multiply  the  length  of  each 

interval  by  the  curvature  at  its  centre  (giving  the  product — ); 

add  together  the  products  for  the  intervals  from  a  point  where  the 
beam  continues  horizontal  to  the  point  where  the  inclination  is 
required ;  the  sum  will  be  the  required  inclination ;  that  is, 

'-It- w 

IV.  To  find  the  deflection.  Multiply  the  length  of  each  small 
interval  by  its  inclination  (obtaining  the  product  i  d  x) ;  add  to- 
gether those  products  for  the  intervals  extending  between  the 
highest  and  lowest  points  of  the  beam ;  the  sum  will  be  the  required 
deflection ;  that  is, 


-/< 


dx. (4.) 


The  preceding  is  the  general  method.  The  following  are  special 
rules: — 

Let  c  be  the  half  span  of  a  beam  supported  at  both  ends,  or  the 
length  of  a  bracket  fixed  at  one  end ;  A,  the  extreme  depth :  and  6,  the 
extreme  breadth  of  the  beam ;  W,  any  given  load ;  fv  the  proof 
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stress ;  m  h>  the  distance  of  the  most  severely-strained  layer  from 
the  neutral  axis ;  I,  the  moment  of  inertia  of  the  greatest  cross- 
section  ;  niy  n,  m"',  n'" ,  numerical  factors  (see  Table  below). 

V.  Greatest  inclination  under  proof  load ; 

VI.  Proof  deflection ; 

Vl-Km'h> V' 

VII.  Greatest  inclination  under  a  given  load,  Wj 

*i—      EI     ' K    ' 

VII I.  Deflection  under  a  given  load,  W; 

vi=     EI    ' (   ' 

Proof  Load.  Any  Load. 

Examples.  Factors  for  Factors  for 

Slope.   Deflection.      Slope.   Deflection, 

A.  Uniform  Cross-Section.  m*  **  m*  $r 

I.  Constant  Moment  of  Flex- )      -  1 

ure, J  2 

II.  Fixed  at  one  end,  loaded  )      1             1             1  1 

at  other, J      2  """  3  2  3 

III.  Fixed   at   one  end,  uni- )       1  1  1  1 

formly  loaded, J       3" 4  5  g 

IV.  Supported  at  both   ends,  )       1  1  1  1 

loaded  in  middle, J      "2  3  4  6 

V.  Supported  at  both  ends,  12             5             1  5 

uniformly  loaded, j      'g  "J5 g"  43 


B.  Uniform  Strength  and  Uni- 
form Depth. 

(The  curvature  of  these  is  uniform.) 

VI.   Fixed  at  one  end,  loaded  ) 

atother, J       A 

VII.  Fixed  at   one   end,  uni- ) 

formly  loaded, J       A 

VIII.  Supported  at  both  ends,  ) 
loaded  in  middle, J 

IX.  Supported  at  both  ends,  | 


uniformly  loaded,. 


} 


1 

1 

1 

2  "" 

...  ^ 

1 

1 

1 

2  "• 

...  2  ... 

4 

1 

1 

1 

2  •" 

...  2  ... 

4 

1 

1 

1 

2  •" 

...  4  ... 

...  8 
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Proof  Load.  Any  Load. 

Exam plk&  Factors  for  Factors  for 

Slope.    Deflection.    Slope.    DeflectkNt 

C  Uniform  Strength  and  Uni-      m-        »*  ■*•*         «" 

form  Breadth. 

X.  Fixed  at  one  end,  loaded  )      9            2             0  2 

atother, J       J  "J  "  3 

XI.  Fixed  at  one  end,  uni- )       .   -  .x     ,        .  „   #i  1 

formly  loaded, /      infimte  !        infimte        2 

XII.  Supported  at  both  ends,  \      0            2  1 

loaded  in  middle, J       w  3  1   3 

XIII.  Supported  at  both  ends,  I    .  t_0  n  r-no  -  OArt_   _  ,  JA. 
iniformly loaded,....^}  1*708  0-5708  0-392,   OU27 


IX.  Given,  the  half-span,  c,  and  the  intended  proof  deflection,  vv 
of  a  proposed  beam;  to  find  the  proper  value  of  the  greatest  depth, 
h0;  make 


(9.) 


h  -  n"A±. 

0  ""  Em'v^ 

(taking  n"  from  the  preceding  table,  and  making  m'  h0,  as  before, 
denote  the  distance  from  the  layer  in  which  the  stress  is  J\  to  the 
neutral  axis). 

X.  To  deduce  the  greatest  stress  in  a  given  layer  of  a  beam  from 
the  deflection  found  by  experiment. 

Let  h  be  the  depth  of  the  beam  at  the  section  of  greatest  stress, 
and  y  the  distance  from  the  neutral  axis  of  that  section  to  that 
layer  of  the  beam  at  which  the  greatest  stress  is  required : — 

c,  the  half-span  of  a  beam  supported  at  both  ends,  or  the  length 
of  the  loaded  part  of  a  beam  supported  at  one  end ; 
n",  the  factor  for  proof  deflection,  already  explained; 
E,  the  modulus  of  elasticity  of  the  material ; 
v,  the  observed  deflection ; 
then  the  intensity  of  the  required  stress  is 


J>  = 


Ey» 


n"  c* 


(10.) 


XI.  To  find  the  deflection  of  an  uniform  beam  produced  by  its 
own  weight,  or  by  an  uniform  load  bearing  a  given  proportion, 
1  +  7/i,  to  the  weight  of  the  beam.  Let  w  be  the  heaviness  of  the 
material  of  which  the  beam  consists;  r2  =  I  -f-  S,  the  square  of  the 
radius  of  gyration  of  its  cross-section;  n'",  as  before,  the  factor  for 
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deflection  under  a  given  load ;  then,  for  a  beam  supported  at  both 
ends, 

/.  \2n"wc*  /lfV 

V  =  V1  +  m)    Er*    ; (H) 

and  for  a  bracket  fixed  at  one  end, 


A  table  of  values  of  r2  will  be  given  at  p.  525.  The  application 
of  this  problem  to  shafts  for  transmitting  power  will  be  explained 
in  the  next  Chapter. 

440.  Beam  fixed  at  the  Ends. — When  a  beam  is  not  merely 
supported,  but  fixed  in  direction  at  its  two  ends,  it  bends  into  the 
form  of  a  curve  which  has  two  points  of  inflection ;  being  convex 
upwards  at  the  points  of  support,  and  concave  upwards  in  the 
middle.  The  following  are  the  two  most  important  cases;  the 
cross-section  of  the  beam  being  supposed  uniform  in  both : — 

I.  Load  concentrated  at  middle  of  span.  The  bending  moments 
at  the  points  of  support  and  at  the  middle  of  the  span  are  equal 
and  contrary,  and  each  equal  to  half  of  the  bending  moment  upon 
an  equal  and  similarly  loaded  beam  with  ends  merely  supported; 

that  is,  M  =  —7—. 

4 

Factor  for  proof  deflection,  n"  =  ^. 

Factor  for  deflection  under  a  given  load,  71"*  =  —. 

II.  Load  uniformly  distributed.  The  bending  moment  at  the 
middle  of  the  span  is  one-third,  and  the  contrary  bending  moment 
at  each  point  of  support  two-thirds,  of  what  the  bending  moment 
in  the  middle  of  the  span  would  be  if  the  ends  were  merely  sup- 

ported.     That  is,  the  most  severe  bending  moment  is  M  = ^-. 

Factor  for  proof  deflection,  n"  =  -£. 

Factor  for  deflection  under  a  given  load,  ri"  =  -.  6. 

4o 

441.  The  Resilience  of  a  Beam  (A.  J/.,  305)  is  the  work  per-' 
formed  in  bending  it  to  the  proof  deflection ; — in  other  words,  the 
energy  of  tlte  greatest  sli/ock  which  the  beam  can  bear  without 
injury ;  such  energy  being  expressed  by  the  product  of  a  weight 
into  the  height  from  which  it  must  fall  to  produce  the  shock  in, 
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question.  This,  if  the  load  is  concentrated  at  or  near  one  potato 
is  the  product  of  half  the  proof  load  into  the  proof  deflection ;  that 
is  to  say,  let  P  be  the  proof  load ;  then  the  resilience  is 

^ CO 

Let  W  be  the  weight  of  a  mass  which  is  let  fall  upon  the  beam 
from  the  height  z.  Then  the  whole  height  through  which  that 
mass  falls,  before  the  beam  reaches  its  proof  deflection,  is  z  +  t%; 
and  the  whole  energy  of  the  blow  which  it  gives  to  the  beam  is 
W  (z  +  vt);  which  being  equated  to  the  resilience,  gives  the 
following  equation : — 

W(*  +  Vl)  =  ^»; (&) 

an  equation  which  enables  any  one  of  the  four  quantities,  W,  s,  F, 
vv  to  be  calculated  when  the  other  three  are  given. 

If  the  load  is  distributed,  the  length  of  the  beam  is  to  be  divided 
into  a  number  of  small  elements,  and  half  the  proof  load  on  each 
element  multiplied  by  the  distance  through  which  that  element  is 
depressed.     The  integral  of  the  products  will  be  the  resilience. 

Section  VI. — Of  Resistance  to  Thrust  or  Pressure. 

442.    Resistance  to  Compression  and  Direct  Crashing. — Resistance 

to  longitudinal  compression,  when  the  proof  stress  is  not  exceeded, 
is  sensibly  equal  to  the  resistance  to  stretching,  and  is  expressed  by 
the  same  modulus  of  elasticity,  denoted  by  E  (page  493).  When 
that  limit  is  exceeded,  it  becomes  irregular.  (See  Article  420, 
page  493.) 

The  present  Article  has  reference  to  direct  and  simple  crushing 
only,  and  is  limited  to  those  cases  in  which  the  pillars,  blocks, 
struts,  or  rods  along  which  the  thrust  acts  are  not  so  long  in  pro- 
portion to  their  diameter  as  to  have  a  sensible  tendency  to  give  way 
by  bending  sideways.     Those  cases  comprehend — 

Stone  and  brick  pillars  and  blocks  of  ordinary  proportions ; 

Pillars,  rods,  and  struts  of  cast  iron,  in  which  the  length  is  not 
more  than  five  times  the  diameter,  approximately; 

Pillars,  rods,  and  struts  of  wrought  iron,  in  which  the  length  is 
not  more  than  ten  times  the  diameter,  approximately; 

Pillars,  rods,  and  struts  of  dry  timber,  in  which  the  length  is  not 
more  than  about  five  times  the  diameter. 

In  such  cases  the  Rules  for  the  strength  of  ties  (page  493)  are 
approximately  applicable,  substituting  thrust  for  tension,  and  using 
the  proper  modulus  of  resistance  to  direct  crushing  instead  of  the 
tenacity. 
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Blocks  whose  lengths  are  less  than  about  onoe-and-a-half  their 
diameters  offer  greater  resistance  to  crushing  than  that  given  by  the 
Rules;  but  in  what  proportion  is  uncertain. 

The  modulus  of  resistance  to  direct  crushing,  as  the  Tables  show, 
often  differs  considerably  from  the  tenacity.  The  nature  and 
amount  of  those  differences  depend  mainly  on  the  modes  in  which 
the  crushing  takes  place.     These  may  be  classed  as  follows : — 

I.  Crushing  by  splitting  (fig.  275)  into  a  number  of  nearly 
prismatic  fragments,  separated  by  smooth  surfaces  whose  general 
direction  is  nearly  parallel  to  the  direction  of  the  load,  is  character- 
istic of  very  hard  homogeneous  substances,  in  which  the  resistance 
to  direct  crushing  is  greater  than  the  tenacity;  being  in  many 
examples  about  double. 


Kg.  275. 


Fig.  276. 


Fig.  277. 


Fig.  278. 


IT.  Crushing  by  shearing  or  sliding  of  portions  of  the  block  along 
oblique  surfaces  of  separation  is  characteristic  of  substances  of  a 
granular  texture,  like  cast  iron,  and  most  kinds  of  stone  and  brick. 
Sometimes  the  sliding  takes  place  at  a  single  plane  surface,  like 
A  B  in  fig.  276 ;  sometimes  two  cones  or  pyramids  are  formed,  like 
c,  c,  in  fig.  277,  which  are  forced  towards  each  other,  and  split  or 
drive  outwards  a  number  of  wedges  surrounding  them,  like  w,  w, 
in  the  same  figure.  In  substances  which  are  crushed  by  shearing, 
the  resistance  to  crushing  is  always  much  greater  than  the  tenacity; 
Sometimes  the  block  splits  into  four  wedges,  as  in  fig.  278. 

III.  Crushing  by  bulging,  or  lateral  swelling  and  spreading  of 
the  block  which  is  crushed,  is  characteristic  of  ductile  and  tough 
materials,  such  as  wrought  iron.  Owing  to  the  gradual  manner  in 
which  materials  of  this  nature  give  way  to  a  crushing  load,  it  is 
difficult  to  determine  their  resistance  to  that  load  exactly.  That 
resistance  is  in  general  less,  and  sometimes  considerably  less,  than 
the  tenacity.  In  wrought  iron,  the  resistance  to  the  direct  crush- 
ing of  pillars  or  struts  of  moderate  length,  as  nearly  as  it  can  be 

2       4 
ascertained,  is  from  ^  to  -  of  the  tenacity. 

IV.  Crushing  by  buckling  or  crippling  is  characteristic  of  fibrous 
substances,  such  as  wood,  under  the  action  of  a  thrust  along  the 
fibres.  It  consists  in  a  lateral  bending  and  wrinkling  of  the  fibres, 
sometimes  accompanied  by  a  splitting  of  them  ajnuidac*    r£3u* 
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resistance  of  such  substances  to  crushing  is  in  general  considerably 

less  than  their  tenacity,  especially  where  the  lateral  adhesion  of  tki 

fibres  to  each  other  is  weak  compared  with  their  tenacity.     The 

resistance  of  most  kinds  of  timber  to  crushing,  when  dry,  is  from 

1       2 

-  to  Q  of  the  tenacity.     Moisture  in  the  timber  weakens  the  lateral 

adhesion  of  the  fibres,  and  reduces  the  resistance  to  crushing  to 
about  one-half  of  its  amount  in  the  dry  state. 

443.  Crafthiag  hj  Cr*M-Breakiag. — Long  struts  and  pillars  in 
framework,  and  rods,  bars,  or  links  in  machinery,  which  transmit 
thrust,  give  way  by  bending  sideways  and  breaking  across.  Let  P 
be  the  breaking  load  of  such  a  piece;  S,  its  sectional  area;  /,  its 
length ;  r.  the  least  geometrical  radius  of  gyration  of  its  cross-section ; 
/and  c,  two  co-efficients  depending  on  the  material;  then 

I.  For  a  piece  fixed  in  direction  at  both  ends; 

P  f 

S  -  ^ <L> 

c  r* 

II.  For  a  piece  jointed  at  both  ends  (such  as  a  link  or  connect- 
ing-rod in  machinery) ; 

1    + 2 

c  r* 

III.  For  a  piece  jointed  at  one  end  and  fixed  in  direction  at  the 
other  (such  as  a  piston-rod); 

S  =  \      "16> ^ 

1  +    — 

The  square  of  the  radius  of  gyration  referred  to  is  given  by  the 
expression, 

r*  =  l; (*•) 

where  S  is  the  area  of  cross-section  of  the  piece,  and  I  the  geome- 
trical moment  of  inertia  of  that  cross-section  about  a  neutral  axis 
perj>endicular  to  the  direction  in  which  the  piece  is  most  flexible. 
(See  Articles  437,  439,  pages  513,  519.) 

Values  of  the  Constants  for  the  Breaking  Load. 

/  c 

Lbs.  on  the  Square  Inch. 

Malleable  iron, 36,000  36,000 

Cast  iron, 80,000  6,400 

Dry  timber,  strong  kinds,. 7,200  3,000 
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Table  of  Values  of  r2  for  Different  Forms  of 

Cross-Section. 


lid  rectangle;  least  dimen- ) 
sion  =  A; J 

)llow  square  tube;  dimen- ) 
iions,  outside,  A;  inside,  A';  f 
in  square  cell;  side  =  A; 

in  rectangular  cell;  breadth,  ) 
b;  depth,  A; J 

lid  cylinder ;  diameter  =  A ; . . . 

>llow  cylinder;  diameter,  ) 
outside,  A ;  inside,  A'; J 

in   hollow    cylinder;    dia- 
meter =  A; 

igle    iron   of    equal    ribs; 

breadth  of  each  =  b'r 

igle  iron  of  unequal  ribs; ) 

greater,  6;  less,  A; j 

oss  of  equal  arms; , 

iron ;  breadth  of  flanges,  o; 
their  joint  area,  A ;  area 

web,  B; 

annel  iron ;  depth  of  flanges  \ 
+  £  thickness  of  web,  A;  \ 
irea  of  web,  B ;  of  flanges,  A;  j 


.:f} 


A2 


A2  +  12. 
(/42  +  IP)  --  12. 

A2  -r    6. 

A2   A  +  36 
12*  A  +  6  # 
A2  --  16. 

(A2  +  £*)  ^  16# 

A2-  8. 

o2  +  24. 

&2  A2  -  12  (62  +  A2). 

A2  --  24. 

V*_      A 
12A+  B' 

f         A  AB        I 

I  12(A  +  B)  +  4(A  +  B)2/- 


I  the  dimensions  being  in  the  same  units  of  measure. 

444.  Collapsing  of  Tnbe*. — When  a  thin  hollow  cylinder,  such 

an  internal  boiler  flue,  is  pressed  from  without,  it  gives  way  by 

'apring,  under  a  pressure  whose   intensity  was  found  by  Mr. 

irbairn  (Philos.  Trans.,  1858)  to  vary  nearly  according  to  the 

owing  laws: — 

Tnversely  as  the  length ; 

[nversely  as  the  diameter ; 

Directly  as  a  function  of  the  thickness,  which  is  very  nearly 

!  power  whose  index  is  2*19 ;  but  which  for  ordinary  practical 

-poses  may  be  treated  as  sensibly  equal  to  the  square  of  the 

gkness. 

The  following  formula  gives  approximately  the  collapsing  pressure, 

n  lbs.  on  the  square  inch,  of  a  plate-iron  flue,  whose  leugth,  /, 

meter,  d,  and  thickness,  t,  are  all  expressed  iu  the  same  units  of 

isure: — 

p  =  9,672,000  ~ .Q..\ 
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For  kilogrammes  on  the  square  millimetre,  the  constant  co- 
efficient becomes  6,800. 

Mr.  Fairbairn  having  strengthened  tubes  by  rivetting  round 
them  rings  of  T-iron,  or  angle  iron,  at  equal  distances  apart,  found 
that  their  strength  is  that  corresponding  to  the  length  from  ring  to 
ring. 

He  also  found  that  the  collapsing  pressure  of  a  tube  of  an  elliptic 
form  of  cross-section  is  found  approximately  by  substituting  for  d, 
in  the  preceding  formula,  the  diameter  of  the  osculating  circle  at 
the  flattest  part  of  the  ellipse;  that  is,  let  a  be  the  greater,  and  6 
the  lesser  semi-axis  of  the  ellipse ;  then  we  are  to  make 


(See  page  584.) 


<*  = 


2  a* 


(2.) 
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CHAPTER  IIL 

OF  SPECIAL   PRINCIPLES  RELATING  TO   STRENGTH  AND  STIFFNESS 

IN  MACHINES. 

445.  Subject*  of  this  Chapter. — In  the  designing  of  machines 
with  a  view  to  sufficient  strength  and  stiffness,  certain  special 
principles  must  be  kept  in  view  besides  those  general  principles 
which  are  applicable  to  machines  in  common  with  structures.  The 
first  section  of  this  Chapter  gives  a  summary  of  those  principles', 
the  remaining  sections  relate  to  the  strength  and  stiffness  of  certain 
special  parts  of  machines. 

Section  I. — Summary  of  Principles. 

446.  Load  in  Machines. — In  most  examples  of  machinery  the 
whole  load  must  be  treated  as  a  live  load,  because  of  its  action 
being  accompanied  with  vibration ;  and  also  in  many  cases  because 
the  straining  action  of  the  load  operates  upon  different  sets  of 
particles  in  succession,  and  comes  with  more  or  less  suddenness  upon 
such  sets  of  particles.  In  some  of  these  latter  cases  the  straining 
action  of  the  load  upon  a  given  particle  is  periodically  reversed; 
for  example,  the  bending  moment  exerted  on  a  rotating  shaft  causes 
alternate  tension  and  thrust  to  be  exerted  upon  the  same  particle, 
as  it  passes  alternately  to  the  stretched  and  to  the  compressed  side 
of  the  axle. 

Hence  the  real  factor  of  safety  in  machinery  is  seldom  less 
than  6. 

There  are  exceptional  cases  in  which,  owing  to  the  smoothness 
of  the  motion  and  the  steadiness  of  the  straining  action,  the  load 
may  be  considered  as  intermediate  between  a  dead  load  and  a  live 
load,  so  that  a  smaller  factor  of  safety  is  sufficient;  such,  for 
example,  as  the  transmission  of  power  through  bands  of  such  length 
as  to  hang  in  a  sensibly  curved  form. 

447.  Sirnlnlng    Actions    computed    from    Power. — The    straining 

actions  on  moving  pieces  can  be  in  some  cases  wholly,  and  in  others 
partly,  determined  from  the  power  transmitted,  and  from  the  speed, 
by  methods  of  calculation  which  will  be  described  and  exemplified 
further  on.  The  cases  in  which  the  straining  action  can  be  wholly 
determined  from  the  power  transmitted  are  those  which  fulfil  the 
following  conditions :  uniformity  of  effort,  absence  of  lateral  com- 
jxmerUs  in  the  straining  forces,  and  sm&\\\ieaa  eft  >3b&  toosfls^ 
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actions  due  to  the  weight  and  to  the  re-action  of  the  piece  itself 
and  of  pieces  carried  by  it,  so  that  those  parts  of  the  straining 
action  may  be  treated  as  insensible. 

The  rules  for  computing  straining  actions  from  power  trans- 
mitted are  the  following : — 

L  To  compute  the  effort  exerted  along  a  given  line  of  con- 
nection ;  divide  the  power  transmitted,  in  units  of  work  per  second, 
by  the  common  component  along  the  line  of  connection  of  the 
velocities  of  the  connected  points. 

If  the  power  is  given  in  horses-power,  reduce  it  in  the  first  place 
to  units  of  work  per  second,  by  multiplying  by  550  for  foot-lbs.,  or 
by  75  for  kilogram  metres. 

II.  To  compute  the  straining  moment  exerted  through  a  given 
rotating  piece;  divide  the  power  transmitted,  in  units  of  work  in 
a  given  time,  by  the  angular  motion  in  the  same  time  :  that  is,  by 
2  *  times  the  number  of  turns  in  that  time. 

In  symbols,  let  U  be  the  power,  in  units  of  work  per  minute ; 
N,  the  number  of  revolutions  per  minute;  M,  the  straining  mo- 
ment; then 

U  0159155  U 

M  =  2^N  =  H <L> 

This  formula  gives  the  moment  in  the  same  denomination  with 
the  work.  If  the  work  is  given  in  foot-lbs.  per  minute,  and  the 
moment  is  required  in  inch-lbs.,  the  above  expression  must  be 
multiplied  by  12  ;  that  is, 

„      12  U       1-91  U 

M=2^N=- N-- (2'> 

Let  H  P  denote  the  number  of  liorses-i»ower  transmitted,  so 
that 

U  in  foot-lbs.  per  minute  =  33000  H  P ;  and 
U  in  kilogramro£tres  per  minute  =  4500  HP; 

then  we  have 

Tyr.    .     .«  63000  H  P 

M  in  inch-lbs.  = ~ ; (3.) 

M  .  5250  H  P 

M  in  foot-lbs.  = ~ ; (4.) 

™       u-i  *  716-2  HP 

M  in  kilogrammetres  = =^ (5.) 

The  formula  for  kilogrammetres  is  adapted  to  the  French  horse- 
power, which  is  about  one-seventieth  part  less  than  the  British. 
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cases  in  which  part  only  of  the  straining  action  can  be 
d  from  the  power  transmitted,  the  causes  of  additional 
action  are  the  following: — Excess  of  maximum  effort 
in  effort;  lateral  components  in  straining  forces;  weight 
:e  itself  and  of  pieces  carried  by  it ;  re-actions  of  the  piece 
of  pieces  carried  by  it,  when  undergoing  acceleration  or 
n.  It  has  already  been  stated  in  Article  414,  page  488, 
additional  straining  actions  are  sometimes  calculated 
and  sometimes  allowed  for  by  using  an  apparent  factor 
greater  than  the  mean  factor  of  safety  in  a  suitable  pro- 
ire  cases  in  which  the  best  method  of  calculating  tho 
action  is  to  determine  directly  the  greatest  load,  without 
to  the  power  transmitted. 

iternate  Strata*. — Pieces  are  often  met  with  in  machinery 
;  strained  alternately  in  opposite  directions,  such  being 
the  case  when  the  motion  is  reciprocating :  for  example, 
l-rod  and  connecting-rod  of  a  steam  engine,  which  are 
alternately  to  tension  and  to  thrust;  and  the  beam  of  a 
jine,  which  is  exposed  alternately  to  bending  actions  in 
lirections.  Such  pieces  must  be  adapted  to  resitft  effi- 
e  straining  action  in  either  direction,  and  especially  that 
nost  severe.  This  principle  is  applicable  to  framing  as 
moving  pieces. 

raining  Effects  of  Be-actloa. — When    the    particles    of   a 

3i-go  changes  of  speed  and  direction,  their  re-actions  pro- 
ning  effects  resembling  those  produced  by  their  weights; 
i  being  had  to  the  directions  of  those  re-actions,  and  to 
which  they  bear  to  the  weights  of  the  particles.  For 
if  a  particle  of  the  weight  w  undergoes  the  acceleration 
5  time  d  t,  the  re-action  of  that  particle  is 

erted  in  a  direction  opposite  to  that  of  the  acceleration 
87,  page  330) ;  and  if  a  particle  of  the  weight  w  revolves 
ingular  velocity  a,  in  a  circle  of  the  radius  r,  its  re-action 
fugal  force)  is 


w  a2  r 


(2.) 


erted  in  a  direction  away  from  the  centre  of  the  circle 
88,  page  330). 

y  cases  of  reciprocating  motion  in  machinery,  the  motion 
iprocating  mass  is  harmonic  (as  to  the  meaning  of  which, 
e  239,  page  250);  and  then  its  greater  TO-%fi&vsfe.\»  «Qg»a\ 

2m 
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to  what  its  centrifugal  force  would  be  if  it  revolved  in  a  period 
equal  to  the  time  of  a  double  stroke,  in  a  circle  of  a  radius  equal 
to  the  half- stroke  Let  T  be  the  period,  or  time  of  a  double  stroke 
in  seconds;  x>  the  half-stroke;  to,  the  weight  of  the  reciprocating 
mass;  then  its  greatest  re-action  is 

~7~  t* w 

4  «*  .  a 

The  co-efficient is  the  reciprocal  of  7^-5,  which  is,  as  already 

if 

stated  in  Article  319,  page  364,  the  altitude  of  a  revolving 
pendulum  whose  period  is  one  second;  that  is,  nearly,  0*815  foot, 
or  9*78  inches,  or  248  millimetres. 

The  moment  of  re-action  of  a  mass  which  undergoes  an  accelera- 
tion of  angular  velocity,  d  a,  in  the  interval  of  time  dt,  is  given  bj 
the  expression 

T  da 

-IT*'' W 

in  which  I  denotes  the  moment  of  inertia  of  the  rotating  mass 
(Article  313,  page  358).  If  the  mass  has  a  rocking  or  oscillating 
motion,  following  the  harmonic  law,  about  its  axis,  the  greatest 
moment  of  re-action  is  as  follows : — 

4»2   I  * 

—    f*; <5-) 

in  which  T  is  the  periodic  time  of  a  complete  or  double  oscilla- 
tion, and  $  the  semi-amplitude;  that  is,  the  angle  in  circular 
measure  through  which  the  stroke,  or  oscillation,  extends  to  each 

side  of  the  middle  position  of  the  rocking  body.     Values  of  - t 

have  already  been  given. 

The  moments  of  re-action  given  by  the  formulae  (4)  and  (5)  may 
constitute  twisting  moments  upon  shafts,  or  bending  moments 
upon  levers. 

450.  Framework.— The  load  which  strains  the  framework  of  a 
machine  consists  partly  of  the  weight  of  that  framework  itself;  but 
principally  of  the  bearing-pressures  exerted  by  the  moving  pieces. 
How  those  bearing-pressures  are  to  be  determined  has  already  been 
shown  in  the  course  of  Part  IT.,  Chapter  IV.,  Section  I.  The 
framework  ought  to  be  so  designed  as  to  make  the  bearing- 
pressures  at  different  points,  or  the  components  of  those  bearing- 
pressures,  as  far  as  possible  balance  each  other.  When  this 
principle  is  perfectly  carried  out,  the  pressure  exerted  by  the 
machine  on  its  foundation  will  consist  simply  of  its  weight;  all 
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the  horizontal  components  of  the  bearing-pressures,  and  all  the 
bearing-pressures  which  act  in  couples,  being  mutually  balanced. 
This,  however,  is  possible  only  when  the  prime  mover,  the 
working  machinery,  and  the  material  operated  upon,  are  all 
carried  by  one  connected  assemblage  of  framework.  In  other 
cases,  all  that  can  be  attained  is  an  approximation  to  the  balance  of 
horizontal  pressures  and  of  couples.  When  two  bearings  occur 
near  each  other  that  are  exposed  to  opposite  pressures,  or  to 
pressures  containing  opposite  components,  it  is  in  general  ad- 
visable, in  designing  the  frame,  to  connect  those  bearings  with 
each  other  as  directly  as  possible,  by  means  of  a  strut  or  of  a  tie. 

451.  stiflneM  and  Pliability — In  all  cases  in  which  precision  of 
movement  is  required,  stiffness  is  essential  both  to  the  moving 
pieces  and  to  the  framework  of  a  machine.  It  is  ensured,  first, 
by  causing  the  pieces  exposed  to  strain  to  resist  it  as  far  as 
practicable  by  direct  tension  and  direct  thrust,  rather  than  by 
twisting  or  bending  stress  (Article  420,  page  493;  and  Article 
442,  page  522);  and  secondly,  where  indirect  modes  of  exerting 
stress  are  unavoidable,  to  give  the  piece  such  transverse  dimensions 
as  are  necessary  in  order  to  prevent  the  extent  to  which  it  yields 
from  exceeding  a  certain  limit  (Article  430,  page  502;  Article 
439,  page  517).  According  to  the  first  of  those  principles,  the 
framework  and  the  moving  pieces  of  a  machine,  where  rigidity  is 
required,  should  consist,  as  far  as  practicable,  of  struts  and  ties; 
according  to  the  second  principle,  where  beams  have  to  be  used, 
the  depth  and  span,  and  where  shafts  have  to  be  used,  the  diameter 
and  spaii,  are  to  be  so  proportioned  to  each  other  as  to  prevent 
the  ratio  of  the  deflection  to  the  span  from  exceeding  a  certain 

limit  f  usually  from  ^°'9onn)'     ^ne  sPec^  ru*e  applicable 

to  shafts  will  be  given  further  on.     As  to  beams,  see  page  520. 

On  the  other  hand,  there  are  cases  in  which  absolute  precision 
of  movement  is  unnecessary,  and  in  which  pliability  is  an  advan- 
tage, as  giving  the  power  of  withstanding  shocks.  This  advantage 
is  possessed  by  leathern  belts,  and  by  raw  hide  and  hempen  ropes, 
because  of  the  great  extensibility  of  the  materials.  Wire  ropes, 
when  stretched  tight,  possess  it  to  a  less  degree ;  but  when  of  a 
span  sufficient  to  hang  visibly  in  curves,  the  power  of  alteration 
of  curvature  constitutes  a  kind  of  pliability,  which  enables  shocks 
to  be  borne;  and  the  same  remark  applies  to  chains  when  hanging 
slack.  Pliability  in  the  shape  of  compressibility,  where  thrust  has 
to  be  resisted,  as  in  connecting-rods,  is  obtained  by  using  timber, 
as  has  already  been  stated  in  Article  409,  page  474.  Beams,  and 
pieces  acting  as  beams,  are  made  flexible  to  any  extent  required,  by 
making  the  depth  sufficiently  small  in  comparison  with  the  span, 
the  breadth  being  at  the  same  time  made  sufn£\«a&3  ^js»fc»\fc  >£x* 
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the  requisite  strength;  or  by  using  tough  and  pliable  kinds  of 
timber,  such  as  those  mentioned  in  Article  409,  page  473,  as 
possessing  those  qualities. 

452.  Compound  stress. — Both  in  moving  pieces  and  in  framework, 
but  especially  in  moving  pieces,  straining  actions  of  different  kinds 
are  sometimes  compounded :  as  direct  tension  or  direct  thrust  with 
bending,  or  bending  with  twisting.  In  such  cases  the  resultant 
stress  arising  from  the  combination  must  be  taken  into  account 
The  rules  applicable  to  the  cases  of  this  sort  which  commonly  occur 
in  practice  will  be  given  in  the  course  of  the  ensuing  sections  of 
this  Chapter. 

Section  II. — Special  Rides  as  to  Bands,  Rods,  and  Links. 

453.  Bells  and  Cords  at  moderate  Speeds. — The  effective  working 

tension  required  at  the  driving  side  of  a  band  is  to  be  found  by  the 
rules  already  given  in  Article  310  a,  pages  351,  352.  When  the 
speed  at  which  the  band  runs  is  such  that  the  centrifugal  tension 
may  be  disregarded,  and  when  the  band  is  a  belt  or  cord  of 
organic  material,  such  as  leather,  raw  hide,  gutta  percha,  or  hemp, 
the  working  tension  is  to  be  divided  by  a  suitable  co-efficient  of 
working  strength,  so  as  to  give,  according  to  the  nature  of  the 
co-efficient  employed,  either  the  weight  per  unit  of  length,  or  the 
sectional  area ;  or,  in  the  case  of  flat  belts  of  a  given  thickness,  the 
breadth;  or,  in  the  case  of  cords,  the  square  of  the  diameter,  or 
the  square  of  the  girth.  Co-efficients  adapted  to  those  different 
methods  of  calculation,  and  to  different  materials,  have  already 
been  given  in  Article  410,  pages  474,  475,  476. 

454.  Allowance  for  Centrifugal  Tension. — When  the   speed   is   SO 

great  that  it  becomes  necessary  to  allow  for  centrifugal  tension, 

the  co-efficieut  of  working  strength  to  be  used  is  that  which  is 

expressed  in  the  form  of  an  equivalent  length  of  the  band  itself. 

Let  that  length  be  denoted  by  b.    Let  v  be  the  velocity  with  which 

the  band  is  to  run;   then  the  centrifugal  tension,  expressed  in 

v2 
length  of  band,  is  — ;  and  this  is  exerted  at  every  point   of  the 

if 

band,  in  addition  to  the  effective  tension  required  for  the  trans- 
mission of  power;  so  that  after  deducting  the  centrifugal  tension, 
the  strength  which  remains  available  to  resist  the  effective  tension  is 


t>2 


»b  =  »-y; (1-) 

when  expressed  in  length  of  band.  Therefore,  let  T.  be  the 
effective  working  tension  required  at  the  driving  side  of  tne  band; 
w  S,  the  weight  of  an  wn\t»  of  length,  of  the  band  required ;  then 
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wS  =  — ^ (2.) 

0 

y 


The  weight  per  unit  of  length  is  expressed  in  the  form  of  a 

product,  w  S ;  in  which  S  denotes  the  sectional  area,  and  w  the 

heaviness  of  the  material. 

455.   wire  Rop«w  present  a  case  in  which  direct  tension  is 

combined  with  an  additional  stress  produced  by  the  bending  of  the 

wires  round  the  pulleys.     Let  D  be  the  diameter  of  a  pulley ;  d, 

that  of  a  single  wire;  E,  the  modulus  of  elasticity  of  the  wire;  then 

the  bending  produces  a  stress  which  is  tensile  at  one  side  of  the 

wire,  and  compressive  at  the  other,  and  whose  intensity,  in  units 

E  d 
of  weight  on  the  unit  of  area,  is  -p- ;  and  in  length  of  the  rope, 

E  d 

— ~  ;  w  being  the  heaviness  of  the  material. 

Let  6,  as  before,  be  the  safe  working  strength  expressed  in  length 
of  rope;  v,  the  velocity  at  which  the  rope  runs;  then  the  strength 
in  length  of  rope,  available  to  resist  the  effective  woiking  tension 
at  the  driving  side,  is 

b0  =  o ^; (1.) 

w  g      w  D  x   ' 

and  the  weight  per  unit  of  length,  w  S,  of  a  rope  suited  to  bear  the 
effective  working  tension  Tv  is  given  by  the  following  equation : — 

*S  = J1    t^ (3.) 

g      w  D 

The  most  convenient  way  of  using  this  formula  is  to  fix  a  mini- 
muni  value  for  the  ratio  D  ~  d,  in  which  the  diameter  of  the  pulley 
is  to  exceed  that  of  a  single  wire,  and  thence  to  deduce  the  value  of 
the  stress  E  d  -r-  w  D,  produced  by  bending.  Then,  having  calcu- 
lated the  weight,  w  S,  per  unit  of  length,  the  diameter,  d,  of  a  single 
wire  is  to  be  deduced  from  that  weight,  and  the  least  proper 
diameter  for  a  driving  pulley,  D,  by  multiplying  d  by  the  previously 
fixed  ratio. 

An  ordinary  value  of  D  -f-  d  is  2000. 

A  wire  rope  of  the  ordinary  construction  consists  of  six  strands 
spun  round  a  hempen  core;  and  each  of  the  strauds  consists  of  six 
wires  spun  round  a  smaller  hempen  core,  so  that  there  are  thirty- 
six  wires  in  all.  The  diameter  of  a  single  wire  is  given  with  suf- 
ficient accuracy  for  the  present  purpose  by  the  formula  (^^ 
page  584), 
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d  (in  fractions  of  an  inch)  =  A  /  f Tn7>    )•  (**•) 

or 

d  (in  millimetres)  =  N/(4£  w  S  in  kilogrammes  per  mdtre).  (3  a.) 

The  following  are  values  of  the  moduli  of  elasticity  and  strength 
for  ropes  made  of  the  best  charcoal  iron  wire.  Steel  wire  ropes 
may  be  taken  as  having  about  the  same  modulus  of  elasticity,  and 
as  being  stronger  than  iron  in  the  proportion  of  4  to  3  nearly. 

Feet  of  Metres  of 

Rope.  Rope. 

E 

Modulus  of  Elasticity, -, 7,500,000         2,286,000 

w 

Ultimate  Tenacity, 26,880  8,193 

Proof  Tension, i3>44°  4*096 

Working  Tension  with  steady 

action  (factor  of  safety,  3^),*  7,680  2,340 
"Working  Tension  with  unsteady 

action  (factor  of  safety,  6),...  4*480  I>365 

456.  Deflection  nud  Length  of  Bands. — The  form  in  which  a  band 
hangs  between  two  pulleys  which  it  connects,  is  that  of  a  catenary. 
In  cases  which  occur  in  practice,  the  parabola  may  be  used  as 
an  approximation  to  the  catenary,  without  sensible  error.  This 
gives  the  folio wiug  approximate  formula  for  the  deflection  of  the 
band  at  the  middle  of  its  span,  below  a  straight  line  joining  its 
two  points  of  suspension : — 

,J=TF0' (L) 

in  which  c  is  the  half-span,  measured  along  the  before-mentioned 
straight  line,  whether  horizontal  or  sloping;  b0  is  the  length  of 
rope  equivalent  to  the  available  tension  (exclusive  of  centrifugal 
tension),  and  y  is  the  deflection. 

Let  i  be  the  angle  of  inclination  of  the  span  of  the  band  to  the 
horizon ;  and  8  the  length  of  the  part  of  the  band  which  hangs  in 
a  curve  between  the  two  points  of  suspension ;  then 

4  y2 

.y  nearly  =  2  c  +  -~.  —  cos2i.  (2.) 

o    c 

When  the  span  is  horizontal,  cos  2  i  =  1. 

The  driving  and  returning   parts  of  the  band  have  different 

•  This  value  of  the  working  tension  is  calculated  from  the  co-efficient  of 
stress  given  by  Rouleaux,  as  applicable  to  Him's  telodynamic  transmission. 
(Consfractiomlthre  fur  Masc/unenoau,  $  329.1 
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Fig.  279. 


tensions  (see  Article  310a,  page  352),  and  therefore  different  de- 
flections. Their  lengths  are  to  be  calculated  separately,  and  added 
together,  along  with  the  lengths  of  the  circular  parts  of  the  band 
which  pass  round  the  pulleys. 

457.  Chain*. — Chains  consisting  of  oval  links,  when  the  tendency 
of  each  link  to  collapse  is  resisted  by  means  of  a  cross-bar  called  a 
slay  or  stud,  as  in  fig.  279,  have  a  strength  equal  to 
that  due  to  the  collective  sectional  area  of  the  two 
sides  of  the  link.  The  tenacity  of  the  iron  in  the 
link  is  reduced  by  the  processes  of  forging  and  welding 
so  as  to  be  from  |  to  |  of  that  of  the  cable-iron 
bolt  from  which  it  is  made;  so  that,  taking  the 
ultimate  tenacity  of  cable-iron  bolts  at  60,000 
lbs.  on  the  square  inch,  that  of  a  stud  chain  is 
from  52,500  to  45,000  lbs.  on  the  square  inch; 
and  about  7,500  lbs.  on  the  square  inch  may  be 
taken  as  a  safe  working  modulus  of  tension  with  a 
live  load :  the  smaller  of  the  preceding  co-efficients 
being  divided  by  6  as  a  factor  of  safety.  The  test  load  is  about  half 
the  breaking  lead,  or  three  times  the  working  load.  An  unstudded 
chain  has  about  two-thirds  of  the  strength  of  a  studded  chain  of 
the  same  dimensions. 

The  following  are  the  ordinary  proportions  of  the  links  of  a 
stud-chain,  as  used  for  ships'  cables  and  rigging,  in  terms  of  the 
diameter  of  the  bolts  from  which  they  are  made. 

Length  :  outside,  6  diameters ;  inside,  4  diameters. 

Breadth:  outside,  3£  diameters;  inside,  1£  diameter. 

Thickness  of  stay :  at  ends,  1  diameter ;  at  middle,  A  diameter. 

The  iveigJit  of  a  stud-chain,  of  these  proportions,  in  lbs.  per 
foot,  is  found  by  multiplying  the  square  of  the  diameter  of  the 
cable-iron  in  inches  by  9,  very  nearly;  and  its  weight  in  kilo- 
grammes per  metre,  by  multiplying  the  square  of  that  diameter 
in  millimetres  by  00208. 

In  designing  chains  made  of  flat  links  connected  by  pins,  regard 
must  be  paid  to  the  principles  of  Article  424,  page  497,  so  as  to 
give  the  dimensions  of  the  pins  their  due  proportions  to  those  of 
the  links. 

458.  Rod*  or  Link*  for  Tension. — The  following  are  the  rules 
applicable  to  the  ordinary  cases  of  rods  or  links  for  transmitting 
tension  ;  such  as  piston-rods  in  single-acting  steam  engines. 

I.  When  the  resultant  tension  acts  along  the  longitudinal  axis 
of  the  rod,  that  is,  along  a  straight  line  traversing  the  centres  of  all 
the  cross- sections,  the  area  of  cross-section  is  to  be  proportioned^ 
the  load  according  to  the  rules  of  Article  420,  page  494;  ^ 
modulus  of  greatest  working  stress  being  taken  at  9,( 
on  the  square  inch  for  wrought  iron;  2,500  for  caat  \sw&.(' 
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if  shocks  are  to  be  borne,  is  not  a  suitable  material  for  tbis  purpose); 
and  1,000  for  timber  of  straight-grained  and  tough  kinds. 

II.  Should  the  resultant  tension  act,  not  along  the  axis  of  the 
rod,  but  at  a  distance  from  it,  whose  greatest  value  may  be  denoted 
by  x,  let  P  denote  the  load ;  then  the  tensile  action  is  combined 
with  a  bending  moment,  P  x. 

Let  S  be  the  area  of  cross- section ;  h,  the  depth  of  the  rod — that  is, 
its  diameter  in  the  plane  of  the  bending  moment ;  k,  the  numerical 
factor  in  equation  (5  a)  of  Article  437,  page  514,  and  in  the  Table 
of  page  516 ;  the  greatest  additional  intensity  of  tension  produced 
by  the  bending  moment  is 

Tx 

kh'S' 


and  the  total  intensity  of  the  greatest  tension  is 

P 

S 


(•♦;»)< 


and  consequently,  if  f  be  the  modulus  of  working  stress,  the  proper 
sectional  area  is  given  by  the  formula, 


S 


-7(1  +  **) (1) 


III.  In  a  tension  rod  which  is  horizontal  or  inclined,  the 
additional  stress  produced  by  the  bending  action  of  its  own  weigfd 
may  require  to  be  taken  into  consideration.  Let  w  be  the  heavi- 
ness of  the  material;  c,  the  Iialfsjxin  between  the  points  of 
support  measured  along  the  axis  of  the  rod;  it  the  angle  of 
inclination  of  that  axis  to  the  horizon ;  then  the  bending  moment  is 


M  = 


wSc2  cos  i 
2  ~~ 


and  the  greatest  stress  produced  by  that  moment  is 

M        wc2  cos  i 
p=z  khS=~2kh' 


(2.) 


The  easiest  way  to  make  use  of  this  formula  in  practice  is  to 
assume  in  the  first  place  a  convenient  value  for  h;  calculate/?  by 
equation  (2) ;  and  then  make 

IV.  If  the  rod  has  a  transverse  reciprocating  motion,  the  re-action 
due   to  that   motion   will   produce  alternate  bending  actions  in 
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opposite  directions.  Let  z  be  the  semi-amplitude  of  the  transverse 
motion — that  is,  half  its  total  extent;  let  n  be  the  number  of 
double  swings  in  a  second ;  then  make 

4  x2  n2  z  . .  x 

m  =  ; (4.) 

(J 

(in   which   -,-^  =  0-815   foot  =  0-248  metre   nearly);   then   the 
4  x* 

additional  stress  produced  by  this  motion  is  to  be  found  by  putting 

m  w  iustead  of  w  cos  t  iu  equation  (2),  and  is  to  be  provided  for  in 

the  same  way  with  the  stress  p  of  that  equation.     If  one  end  of 

the  rod  has  a  transverse  reciprocating  motion,  while  the  other  has 

no   such   motion,  or  if  the   two   ends  have  motions  of  different 

amplitudes,  make  z  equal  to  the  semi-amplitude  of  the  transverse 

motiou  of  the  centre  of  the  rod ;  the  result  will  be  near  enough 

to  the  tni tli  for  practical  purposes. 

V.  If  weight  and  re-action  both  take  effect  in  the  same  vertical 

plane,  make 


and  use  this  value  of  p  in  equation  (3). 

YI.  In  designing  the  fastenings  for  transmitting  the  tension  at 
the  ends  of  rods  or  links,  regard  is  to  be  had  to  the  principles  of 
Article  424,  page  497. 

VII.  The  sides  of  an  eye  at  the  end  of  a  tension-rod  are  usually 
made  so  as  to  have  a  collective  sectional  area  equal  to  once-and-a- 
JwUf  that  of  the  rod ;  because  the  uneven  distribution  of  the  stress 
in  them  diminishes  their  strength  to  about  two-thirds  of  what  it 
would  be  if  the  stress  were  uniform ;  and  the  same  rule  is  appli- 
cable to  a  strap  answering  the  purpose  of  an  eye. 

459.  Bo4a  or  Links  for  Beclprocatlng  Stress. — When  a  rod  trans- 
mits alternately  tension  and  thrust  of  equal  amount,  the  most 
severe  straining  action  is  usually  that  produced  by  the  thrust;  and 
the  proper  dimensions  are  to  be  found  by  the  rules  of  Article  443, 
page  524. 

The  piston-rods  and  connecting-rods  of  double-acting  steam 
engines  are  examples  of  this.  Piston-rods  are  to  be  treated  as 
struts  fixed  at  one  end  and  jointed  at  the  other;  connecting-rods 
as  struts  jointed  at  both  ends. 

The  ways  of  using  the  rules  referred  to  are  as  follows : — 

I.  In  ordinary  cases  of  the  piston-rods  and  connecting-rods  of 
steam  engines,  an  approximate  sectional  area  may  be  calculated 
in  the  first  place,  by  multiplying  the  area  of  the  piston  by  the 
greatest  intensity  of  the  effective  pressure  of  the  steani,  so 


588  MATERIALS,  COK8TRUCHON,  AHD  STRENGTH. 

find  the  greatest  working  load,  and  dividing  it  by  a  modulus  of 
working  stress,  which  may  be  2,500  lbs.  on  the  square  inch  for  a 
piston-rod,  and  1,750  lbs.  on  the  square  inch  for  a  connecting-rod 
at  the  middle  of  its  length.  It  is  usual  to  give  the  connecting-rod 
a  swell  in  the  middle;  so  that  at  the  ends  it  is  of  the  same  area 
with  the  piston-rod.  The  ratio  of  the  greatest  to  the  least 
diameter  is  about  that  of  6  to  5. 

This  rule  may  be  considered  as  giving  a  safe  value  for  the  trans- 
verse section,  when  the  length  of  the  rod  does  not  exceed  about 
thirty-six  times  its  diameter.  When  the  proportion  of  length  to 
diameter  is  greater,  the  following  rule  may  be  applied  to  wrought- 
iron  rods. 

II.  Let  f  be  the  intensity  of  the  safe  working  thrust  along  a 
short  rod — say  6,000  lbs.  on  the  square  inch,  or  4*2  kilogrammes 
on  the  square  millimetre,  for  wrought  iron.  Let  S  be  the  sectional 
area  of  the  rod;  I,  its  length;  h,  its  diameter;  P,  the  amount  of 
the  greatest  working  thrust;  then  we  have 

p  =  -^Vj (i) 

in  which  the  values  of  c1  are  as  follows :  — 

For  a  round  rod,  jointed  at  both  ends, 562 

fixed  at  one  end, 1,270 

fixed  at  both  ends,  2,250 

For  a  square  rod,  jointed  at  both  ends, 7 50 

.,             „            fixed  at  one  end 1,690 

„             „           fixed  at  both  ends, 3,000 

But  in  a  round  rod,  we  have  A2  =  1*273  S  nearly;  and  in  a  square 
rod,  h2  =  S ;  consequently  we  may  make 

cWi2  =  aS; (2.) 

in  which  a  has  the  following  values : — 

a. 

For  a  round  rod,  jointed  at  both  ends, 716 

„  „  fixed  at  one  end, 1,611 

„  „  fixed  at  both  euds, 2,864 

For  a  square  rod,  jointed  at  both  ends, 750. 

„  „  fixed  at  one  end, 1,690 

„  ,,  fixed  at  both  ends, 3,000 

Thus  equation  (1)  may  be  made  to  take  the  following  form : — 

P  (a  S  +  P)  -  a/S2; ..(3.) 

which  quadratic  equation,  being  solved,  gives  the  following  formula 
for  the  sectional  area : — 
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s  -  if +  V { ■$* + 17  \ (4) 

III.  Sometimes,  as  has  already  been  stated  in  page  474,  a 
connecting-rod  is  made  of  a  square  bar  of  wood  to  transmit  the 
thrust,  bound  with  a  wrought-iron  strap  to  transmit  the  tension. 
In  this  case  the  transverse  area  of  the  strap  is  to  be  determined  by 
the  principles  of  Article  458,  with  a  working  modulus  of  tensiou 
of  about  6,000  lbs.  on  the  square  inch  (because  the  stress  may  be 
unequally  distributed  near  the  ends  of  the  strap,  where  it  bends 
round  the  bushes  that  hold  the  pins);  and  that  of  the  square 
timber  bar  is  to  be  found  by  equation  (4)  of  the  preceding  rule, 
with  the  following  values  for  the  constants : — 

f  =        720  lbs.  on  the  square  inch ; 

=  0*5  kilogramme  on  the  square  millimetre; 

a  =         62-5. 
af  =  45,000  lbs.  on  the  square  inch; 

=         32  kilogrammes  on  the  square  millimetre. 

In  a  compound  rod  of  this  kind  there  is  a  tendency  to  slacken 
the  hold  of  the  pins  which  it  connects,  through  the  shortening  of 
the  compressed  bar;  and  means  must  therefore  be  provided  of 
tightening  it  from  time  to  time  by  wedges  or  screws. 

IV.  When  the  form  of  cross-section  chosen  is  such  that  the 
ratio  Z2  -r-  r2,  which  the  length  of  the  rod  is  to  bear  to  the  radius 
of  gyration  of  its  cross-section,  can  be  approximately  determined 
independently  of  the  sectional  area,  that  area  is  to  be  found  simply 
by  the  following  formula : — 

For  values  of  r2  and  of  c,  see  Article  443,  pages  524,  525. 

The  commonest  example  of  the  class  of  figures  to  which  this 
method  is  applicable  is  the  cross-sJiaped  section,  which  is  well 
adapted  for  transmitting  thrust;  and  for  which  we  have 
r*  =  h2  -T-  24 ;  and  consequently 

cr*  =  1500 /t2 (G.) 

V.  The  braced  conuecting-rod  may  be  looked  upon  as  a  modifi- 
cation of  the  compound  rod  mentioned  in  Rule  III.  of  this  Article. 
The  thrust-bar  occupies  the  middle  of  the  combination,  and  may 
be  of  timber  or  of  cast  iron.  From  the  middle  of  its  length  diverge 
four  transverse  arms,  in  the  shape  of  a  cross;  and  four  tie-rods 
extend  from  end  to  end  of  the  bar,  and  at  the  middle  of  their 
length  are  made  to  spread  asunder  by  the  arms  of  the  cross.     Tha 
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length  of  those  arms  is,  in  a  great  measure,  a  matter  of  practbl 
convenience ;  about  one-twelfth  of  the  length  of  the  compound  rod 
is  usual.  The  effect  on  the  thrust-bar  is  to  increase  its  strength, 
so  as  to  be  equal  to  that  of  a  bar  of  the  same  section  and  Wf 
the  length ;  that  is  to  say,  in  equations  (4)  and  (5),  for  a  and  e, 
substitute  4  a  and  4  c.  The  amount  of  stress  on  the  tenaion-rodi 
is  increased  in  the  same  ratio  with  their  length. 

Section  III. — Special  Rides  relating  to  Axles  and  Shafts. 

4G0.   Gtoaeral    Explanation*   na  tm  Shaft*  Axles,  and  Janinah  — 

The  words  axle  and  sliaft  are,  to  a  certain  extent,  used  indiscri- 
minately ;  but  it  may  be  held  that  in  most  cases  the  term  skafl 
implies  the  transmission  of  motive  power  along  the  rotating  piece 
denoted  by  that  term,  and  consequently  the  exertion  of  a  twisting 
moment  at  each  cross-section,  to  be  found  by  the  principles  of 
Article  447,  page  528;  while  an  axle  in  general  is  subjected  to  a 
betiding  moment  only. 

The  parts  of  a  shaft  which  rest  on  the  bearings  are  called  pirots, 
collars  >  gudgeons,  and  journals. 

Pivots  and  collars  are  for  bearing  end- thrust  (see  Article  311, 
page  353).  Gudgeons  and  journals  are  for  bearing  transven* 
pressure.  It  was  proposed  by  Buchanan,  in  his  Treatise  on  AtiU- 
icork,  to  apply  the  word  gudgeon  only  to  the  bearing  part  at  the 
end  of  a  shaft  or  axle,  which  is  exposed  to  bending  action  alone, 
and  not  to  twisting  action ;  and  journal  to  an  intermediate  bearing 
j«u-t  through  which  a  twisting  moment  is  or  may  be  exerted ;  hut 
the  custom  of  using  the  word  journal  in  both  senses  indiscrimi- 
nately is  so  prevalent,  that  it  is  impracticable  to  carry  out  Buchanau's 
suggestion.  The  terms  end-journal  and  neck-journal,  or  simply 
neck,  may  serve  to  distinguish  them. 

Oast  iron  may  be  used  for  shafts  where  no  shocks  are  to  be 
borne.  In  other  cases  the  proper  materials  are  wrought  iron  and 
mild  steel.  The  greatest  proper  values  of  the  real  mo  Jul  us  of 
working  stress  are  the  followiug,  or  nearly  so: — 

Lbn.  on  the  Kilos,  on  th<» 

square  inch.  square  miHimi'trc 

Oast  Iron, 4, 500  316 

Wrought  Iron,* 9*000         .  6*33 

ateel, i3>5°o  9  5 

As  to  the  use  and  treatment  of  cast  iron  for  this  purpose,  as 
well  as  for  machinery  in  general,  see  Article  390,  pages  453-4o«5. 
In  the   case   of  wrought-iron    shafts,    it   is   important    that   the 

*  The  working  modulus  for  wrought  iron  is  the  result  of  a  series  cf 
practical  trials  of  railway  carriage  axles,  extending  over  many  years,  by 
Lieutenant  Duvid  Kankme  aud  the  Author. 
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itinuity  of  the  fibres  at  and  near  the  surface  should  be  as  little 
>ken  as  possible,  and  that  where  the  stress  is  severe  there  should 
no  re-entering  angles  in  the  outline ;  for  at  places  where  the 
res  are  interrupted,  and  at  re-entering  angles,  cracks  are  apt  to 
nmence,  which  gradually  extend  inwards,  and  at  length  reduce 
»  sound  part  of  the  axle  to  so  small  a  diameter  that  it  snaps  in 
o.  This  process  has  been  known  to  occupy  two  or  three  years, 
d  sometimes  more.  (See  Article  391,  pages  456,  457;  and  the 
thorities  referred  to  in  the  second  note  to  page  456.)  Hence, 
len  it  is  necessary  that  a  journal  should  be  of  a  diameter 
iterially  smaller  than  the  main  body  of  the  axle,  the  parts  of 
Ferent  diameters  should  be  connected  by  a  curved  and  not  by  an 
gular  shoulder;  and  the  reduction  of  diameter  should  as  fair  as 
ssible  be  produced  by  forging,  rather  than  by  cutting  or  turning; 
?  process  of  turning  being  used  only  to  give  precision  to  the 

i]X\ 

461.  Gudgeons  or  End-Journals. — A  gudgeon,  or  journal  at  the 
d  of  a  shaft,  exposed  to  the  transverse  bending  action  of  the 
tiring  pressure  only,  has  to  fulfil  two  conditions :  to  have  a  trans- 
rse  section  sufficient  to  bear  the  bending  moment  safely;  and  to 
ve  a  longitudinal  section  sufficient  to  prevent  the  unguent  from 
iug  forced  out  by  the  pressure. 

Let  W  denote  the  greatest  working  load,  or  bearing  pressure;  x, 
e  length  of  the  gudgeon;  A,  its  diameter.  Let;?  be  the  proper 
lue  of  the  pressure  per  unit  of  area  of  longitudinal  section  (as 
which,  see  Article  310,  page  350);  and  letjfbe  the  modulus  of 
>rking  stress.  Then  the  condition  as  to  proper  lubrication  is 
pressed  by  the  following  equation  : — 

pxh  =  W; (1.) 

d  the  condition  as  to  strength  by 

J./*»  =  W*j (2.) 

the  latter  of  which  equations  provision  is  made  for  the  con- 
igency  of  the  whole  load  being  concentrated  on  the  outer  end 

the  gudgeon.     The  fact  is,  that  in  well-made  and  well-fitted 

ichinery,   the  resultant  load  acts  through  the  middle   of  the 

lgth  of  the  gudgeon,  or  very  nearly  so ;  and  that  the  bending 

W  x 
anient  at  the  shoulder  is  only  about  — _-,  instead  ofWa;  but 

e  error  is  on  the  safe  side.  By  elimination  from  those  two 
uations  are  obtained  the  following  formulae : — 


/32  Wn-1- 
diameter,/*  =  \T^f)%> (8*> 
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length,*  =  A- y^) (L) 


The  following  is  a  convenient  form  of  equation  (3)  for  practictl 
use: — Let 

The  following  are  examples  of  the  values  of  the  co-efficients.  In 
each  case,  f  =  9,000  lbs.  on  the  square  inch,  or  6*33  kilogrammes 
on  the  square  millimetre. 

p,  lbs.  on   the  square  ) 

inch, J 

p,  kilogrammes  on  the  ) 

square  millimetre,...  J 
a,  lbs.  per  square  inch, 
a,     kilogrammes    per ) 

square  millimetre,...  J 
x 

rc 


450 

300 

225 

I50 

0-316 

C2II 

CI58 

0*106 

630 

514 

446 

3°4 

0443 

0'362 

O3I4 

0*256 

1-40  171  1*98  2*42 


In  the  case  of  cast  iron,  for  which  the  working  modulus  of 
stress  is  one-half  of  that  for  wrought  iron,  each  of  the  values 
of  a  and  of  x  +  h  in  the  above  table  is  diminished  in  the  ratio  of 

1  :  J2  =  0-707  :  1. 

Another  method  of  calculation  is  to  fix  an  arbitrary  value  for 

x 
the  ratio  of  the  length  to  the  diameter;  say  t  =  w;  then  we  have, 

by  equation  (2), 

j2fh*  =  Wx  =  mWh; 

and  consequently 

if  a'  be  taken  to  denote  ~— . 

The  values  of  the  ratio  of  length  to  diameter,  approved  by 
Fairbairn  in  his  Treatise  on  MiUioork,  are,  for  cast  iron,  1*5, 
and  for  wrought  iron,  1*75.  The  following  table  shows  the  corre- 
sponding value*  of  a'. 
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Cast  Iron.       Wrought  Iroo. 

™> ; I  "5  r'75 

J\  lbs.  on  the  square  inch, 4,500  9,000 

f,  kilogrammes  on  the  square  millimetre,  3*16  6*33 

a',  lbs.  on  the  square  inch, 294  504 

a,  kilogrammes  on  the  square  millimetre,         0*207  °'345 

All  the  rules  for  end-journals  apply  also  to  crank-pins. 

462.  Bearing  Axles  is  a  term  which  may  be  used  to  distinguish 
those  axles  which  have  to  bear  a  bending  action,  but  not  a  twisting 
action. 

An  axle  in  this  condition  is  to  be  treated  as  a  beam;  the 
bending  moments  at  a  series  of  cross-sections  being  calculated  by 
the  rules  of  Articles  434  to  436,  pages  505  to  510.  In  making 
those  calculations,  it  is  usual  to  assume,  as  in  the  preceding  Article, 
that  the  bearing-pressures  act  through  the  extreme  ends  of  the 
gudgeons. 

The  cross-section  adopted  must  be  one  adapted  to  resist  bending 
actions  in  all  directions;  such  as  a  circle,  solid  or  hollow,  a  solid 
octagon,  or  a  cross.  In  wrought  iron  and  steel,  the  solid  and 
hollow  circular  sections  are  suitable;  in  cast  iron,  the  hollow 
circular  and  the  cross-shaped  sections;  in  timber,  the  solid 
octagon. 

In  the  case  of  circular  sections,  the  diameter  is  to  be  calculated 
from  the  bending  moment  by  equation  (7  a)  of  Article  437,  page 
514:  that  is  to  say,  let  M  be  the  greatest  working  bending 
moment;  /,  the  modulus  of  working  stress;  m,  the  ratio  of  the 
diameter  of  the  hollow  (if  any)  to  the  outside  diameter;  then 

/        32  M       \i    /_M_\i 
*  "  W  (F^VV  =  (,  (1  -  m*)  a"  )  * (L> 

if  a"  be  taken  to  denote  *■  f  -f-  32.     The  following  are  examples  of 
the  co-efficients : — 

Wronght; 

f,  lbs.  on  the  square  inch, .•v^^^VbVkT  t"  ~oi» 

fy  kilogrammes  on  the  square  millimel 

a",  lbs.  on  the  square  inch,. 

a",  kilogrammes  on  the  square  millimi 

It  is  of  course  to  be  understood  that,  wJ 
used,  M  is  to  be  expressed  in  inch-lba. 

The  solid  octagonal  sectM^^^^B^BVBBBBk  ^m 

equivalent  to  its  inscribed  q^F  ^^^^^^^^L  ^m 

For  the  cross-shaped      '*  * 

place  to  be  fixed;  and  tl 
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calculated  by  equation  (7  b)  of  Article  437,  page  514,  making 
Is  =  =~o  in  that  equation;  that  is  to  say, 

1*>  M 
S  =  —  —  ...  (9) 

Bearing  shafts  are  frequently  tapered  from  the  place  of  greatest 
bending  moment  towards  the  points  of  support,  so  as  to  give  a 
longitudinal  section  of  equal  strength  (as  to  which  see  Article  438, 
page  517),  or  as  near  an  approximation  to  such  a  section  as  is  con- 
sistent with  practical  convenience. 

463.  Neck-Journals. — A  neck -journal  (often  called  simply  a  neck, 
and  by  Buchanan,  a  journal)  is  an  intermediate  part  of  a  shaft  or 
axle,  turned  to  a  smooth  and  truly  cylindrical  surface,  so  as  to  fit 
its  bearing  easily,  as  stated  in  Article  371a,  page  424.  If  it  is 
exposed  to  bending  action  only,  its  diameter  is  to  be  determined  by 
the  rules  of  the  preceding  Article ;  if  to  twisting  action,  or  to 
twisting  and  bending  combined,  by  rules  which  will  be  given  in 
the  ensuing  Articles. 

The  lengths  of  neck-journals  are  to  be  calculated  so  as  to  give 
the  requisite  area  for  bearing  the  pressure,  according  to  the  prin- 
ciples of  Article  310,  page  350. 

464.  Hhmim  under  Torsion. — A  shaft  which  transmits  motive 
power  is  exposed  to  a  twisting  moment  throughout  its  whole 
length.  The  first  step  towards  determining  the  proper  diameter 
for  the  shaft  is  to  calculate  that  twisting  moment  from  the  power 
to  be  transmitted  and  the  speed  of  rotation,  according  to  the 
principles  of  Article  447,  page  528.  From  the  power  and  speed, 
the  result  obtained  in  the  first  place  is  the  mean  twisting  moment ; 
and  the  greatest  twisting  moment  may  either  be  deduced  from  the 
mean  twisting  moment  directly,  or  may  be  provided  for,  together 
with  various  causes  of  additional  stress,  by  using  a  sufficiently 
large  apjyarent  factor  of  safety,  as  already  stated  in  Article  414, 
page  481*. 

The  greatest  values  of  the  real  modulus  of  working  stress  in 
shafts  under  torsion  correspond  to  about  6,  as  a  real  factor  of 
safety.  The  apparent  modulus  may  be  considerably  less  when  a 
greatly  increased  apparent  factor  of  safety  is  used.  The  apparent 
factor  of  safetv  is  sometimes  as  high  as  36. 

The  formula?  to  be  used  in  calculating  the  diameter  of  a  shaft 
from  the  twisting  moment,  or  from  the  power  and  speed,  as  the 
case  may  be,  are  as  follows.  Let  M  be  the  moment;  H  P,  the  real 
horses-power  to  be  transmitted ;  N,  the  number  of  revolutions  per 
minute.     Then, 

*  -  <A5)  -  </<^)  ■■ "•> 


I 
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The  values  of  the  co-efficients  A  and  B  being  as  follows: — 

A  _  M        *  ,0  . 

h*  ~~  lfi?1' *""' 

where  qY  is  the  modulus  of  working  stress,  real  or  apparent,  ac- 
cording to  the  way  in  which  the  moment  M  is  calculated : — 

t.      ASN         C  8C  ... 

B=HP=  2TA  =  nr^i W 

where  C  denotes  the  number  of  units  of  work  per  minute  in  a 
horse-power. 

The  following  Table  shows  a  series  of  examples  of  the  constants 
which  occur  in  these  formulae : — 

Factors  of  Safety. 

For  Cast  Iron, 6*         9         12  18 

Wrought  Iron, 6*         9         12  18         24         36 

Steel 6*         9         134        18         27         36 

Modulus  of  Stress. 
^cC.^..8?.^}     ,3'77°    9'l8°    6'120    *590    3*060    2'295    hS3° 

Values  of  A  =  ,-«. 

M  in  inch -lbs. :  h  in  )  o  *■ 

inches,....?........   {        2'7°°     I>8o°     ,»20°       9°o       600       450       300 

M  in  foot-lbs. ;  h  in  /  „_„        .„_        ___  „„  „_      „„.„  -„ 

inches, . {  225        '5°       I0°         75         5<>     37  5         25 

^"bfSaaa+|         '*      1-6      C84      063      0.42    0-3.5      o,« 

N/*3 
Values  of  B  =  —-  — 

XT.  x 

A  in  inches, 23*3  35      52*5         70        105        140       210 

A  in  centimetres, 380         570      855      1,140    1,710     2,280    3,420 

Apparent  factors  of  safety,  ranging  from  66  to  10,  are  found  in 
the  paddle-shafts  and  propeller-shafts  of  steam-vessels,  the  real 
factor  of  safety  being  seldom  above  6.  Apparent  factors  of  safety 
ranging  from  18  to  36  are  met  with  in  the  shafting  of  mills;  and 
they  correspond  to  what  are  called  "  light  shafting "  and  "  heavy 
shafting  "  respectively.     (See  pages  581,  584.) 

465.  Span  between  Bearings  or  Shaft*, — The  ordinary  rules  for 


• 


Real  factor  of  safety, 
f  A  grammetre  is  one-1, 000th  part  of  a  kttogr&mm&tt*. 

2k 
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fixing  the  greatest  span  between  the  bearings  of  a  line  of  shafting 
are  based  on  the  principle  that  the  deflection  produced  by 
the  weight  of  the  shaft  itself,  and  by  any  additional  transverse 
load  which  may  be  applied  to  it,  should  not  exceed  a  certain 
fraction  of  the  span.  Different  authors  give  different  values  for 
that  fraction.  In  the  following  formulae  the  value  adopted  is  one- 
2,000th;  and  the  rule  obtained  agrees  with  that  given  by  Mr. 
Molesworth  in  his  Pocket  Book. 

A  general  formula  for  the  deflection  in  such  cases  is  given  in 
Article  439,  page  521,  and  is  as  follows : — 

v  =  (1  +  m)     Er2      ; 

to  being  the  proportion  which  the  additional  load  bears  to  the 
weight  of  the  shaft;  c,  the  half-span;  w,  the  heaviness  of  the 
material ;  E,  its  modulus  of  elasticity;  w"',  a  numerical  co-efficient; 
and  r,  the  radius  of  gyration  of  the  cross-section  of  the  shaft.  In 
most  cases,  the  load  may  be  treated  as  uniformly  distributed;  and 
as  there  may  be  a  coupling  near  each  bearing,  the  shaft  is  to  be 
treated  as  simply  supported,  and  not  fixed,  at  each  bearing;  so  that 

n"  =  -,£.     The  values  of  the  square  of  the  radius  of  gyration,  for 

the  figures  of  cross-section  which  occur  in  practice,  are : — 

A2 
For  a  solid  circular  section  of  the  diameter  h,  r2  =  ,-?. ; 

16 

For  a  hollow  circular  section;  diameter  outside,  )    «  __  h2  +  A'8  # 
A;  inside,  A';  J  r^==      \Q~~  > 

Cross-shaped  section;  breadth  over  arms,  A; 

A2 
r2  =  ^  -  approximately. 

E 

The  value  of      may  be  taken  at  7,500,000  feet,  or  90,000,000 

inches,  or  2,286,000  metres. 

Putting  for  n'"  the  value  already  stated,  we  have 

5  to  c^ 
v'  =  (1  +  m)  •  .}        '  2  ;  and  consequently 

5(l+m)w      c    ' U'' 

giving  for  the  span  between  the  bearings, 

9     _  /  192  E  v'  r2   \j 

"  C  "  V  &  (1  +  m)  w  c) (** 
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v'  1  E 

I^et  —  =  t-t^t:\  let—  have  the  value  stated  above:  and  let  the 
c        1,000  m; 


.section  be  a  solid  circle ;  then 

3E 


•?  r.   = 


(        3E/.2        \*_(*»\km  m 

VL,2dO (1  +  m) wj    ~\l  +  mJ  3 K  J 


in  which 


a  =  216,000  inches  =  5,500  metres  nearly. 


When  the  shaft  is  loaded  with  pulleys  and  with  the  tensions  of 

their  belts,  it  is  usual  to  assume  ra  —  ~ • 

The  result  of  equation  (3)  is  a  span  which  is  not  to  be  exceeded 
in  the  construction  of  a  line  of  shafting  of  a  given  diameter. 

466.    Shaft*    uudcr   Combined    Bending   and    Twisting  Aettan.— 

When  a  shaft  is  strained  by  bending  and  twisting  actions  com- 
bined, two  cases  may  be  distinguished :  first,  where  the  bending 
moment  and  twisting  moment  are  l>oth  given,  and  the  diameter  of 
the  shaft  is  to  be  found;  for  example,  where  the  pressure  exerted 
on  a  crank-pin  produces  combined  bending  and  twisting  actions  on 
a  journal;  and,  secondly,  where  the  bending  moment  is  produced 
by  the  weight  and  re-action  of  the  shaft  itself,  and  therefore 
depends  on  the  diameter. 

I.  When  a  given  twisting  moment,   M,  is  combined  with  a 
given  bending  moment,  M',  make 

N/(M2  +  M'2)  +  M'  =  Mw; (1.) 

and  find  the  diameter  required  in  order  to  bear  safely  a  twisting 

moment  equal  to  M",  by  means  of  equation  (1)  of  Article  464,  page 

343.     An  example  of  this  problem,  solved  graphically,  is  shown  in 

tig.  280,  which  represents  a  shaft  having  a  crank 

at  one  end.    At  the  centre  of  the  crank-pin,  P,  is 

applied  the  pressure  of  the  connecting-rod;  and 

at  the  centre  of  the  bearing,  S,  acts  the  equal  and 

opposite  resistance  of  that  bearing.    Representing 

the  common  magnitude  of  those  forces  by  P, 

they  form  a  couple  whose  moment  is 

PS  P. 

Draw  S  Q  bisecting  the  angle  P  S  M.     On  S  Q 

let  faL  the  perpendicular  P  Q.     From  Q  let  fall         Fig.  280. 

Q  M  perpendicular  to  S  M. 

Calculate  the  diameter  of  the  shaft,  as  if  to  resist  a  twisting 
moment,  M"  =  2  P  •  S  M,  and  it  will  be  strong  enovs^L  \&  \ssaak* 
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the  combined  bendiug  and  twisting  action  of  P  applied  at  the 
point  marked  P. 

The  greatest  longitudinal  stress  on  the  particles  of  a  shaft, 
produced  by  the  bending  action  of  its  own  weight,  and  of  any 
additional  load  or  re-action  bearing  a  given  proportion,  »*,  to  its 
own  weight,  is  found  by  applying  equation  (2)  or  equation  (5)  of 
Article  458,  pages  536  and  537,  to  the  case  of  a  solid  cylindrical 
body ;  that  is  to  say,  when  the  proper  substitutions  are  made,  we 
have  the  following  value  for  the  intensity  of  that  stress : — 

/                 *  4  10  c2 
p  =  (cost  +  m) — -—  ; (2.) 

in  which  c  is  the  half-span  between  the  bearings ;  hf  the  diameter ; 
to,  the  heaviness  of  the  material  (being,  for  iron,  0*278  lbs.  per 
cubic  inch,  or  7,690  kilogrammes  per  cubic  metre) ;  t,  the  inclina- 
tion of  the  shaft  to  the  horizon ;  and  m,  the  proportion  borne  by 
•the  additional  load  and  re-action  to  the  weight  of  the  shaft. 

Let  q  be  the  real  intensity  of  the  greatest  stress  due  to  twisting. 
It  is  given  by  the  formula — 

„         16M-  rtv 

■where   M   is  the   real   value   of  the   greatest   workiug   twisting 

—  =  5-1  nearly.  J     That   stress   is  a  shearing  stress; 

and  is  equivalent  to  tension  and  thrust  combined,  and  of  the  same 
intensity,  q,  exerted  in  two  directions  perpendicular  to  each  other, 
tangential  to  the  cylindrical  surface  of  the  shaft,  and  makiug 
angles  of  45°  with  the  axis. 

The  resultant  stress  due  to  the  twisting  stress,  q,  and  the  bending 
stress,  py  combined,  is  found  by  the  following  formula,  which  has 
been  demonstrated  by  writers  on  the  internal  equilibrium  of 
elastic  solids : — 


-V(*+i)  +  i-> <4> 


where  s  denotes  the  intensity  of  the  resultant  stress. 

The  conditions  which  the  diameter  of  a  shaft  ought  to  fulfil  are 
expressed  by  the  following  equation,  derived  from  equation  (4) : — 

s2  -  sp  —  q-  =  0; (4  A.) 

in  which,  for  s,  is  to  be  put  a  safe  working  value  of  the  resultant 
stress  (say  8,000  lbs.  on  the  square  inch,  or  5*6  kilogrammes  on  the 
square  millimetre),  and  for  p  and  q,  their  values  in  terms  of  M,  c, 
w,  and  hy  as  given  by  equations  (2)  and  (3)  respectively.     The 
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equation  then  becomes  of  the  sixth  order;  and  it  is  to  be  solved  so 
as  to  find  h.  This  can  be  done  by  approximation  only;  and  a 
convenient  method  of  approximation  is  as  follows  : — Assume  for  q 
an  approximate  value,  q\  somewhat  less  than  that  of  s  (say 
q*  =  0-9  s).  Then  calculate  an  approximate  value,  h\  of  the 
diameter,  from  equation  (3),  viz.  : — 


*'-(^M)' w 

Then  calculate,  for  p,  an  approximate  value,  p',  from  equation  (2), 
viz. : — 

4  MO  C 

p'  =  (cosi  +  m)—— ; (6.) 

and  from  the  approximate  value  of  p'  calculate  a  second  approxi- 
mate value  of  q,  as  follows : — 

?"=*/(*-«/»•) (7.) 

Should  this  agree  with  the  first  approximate  value,  q\  the 
approximate  diameter,  A',  will  answer;  and  should  there  be  a 
difference,  a  second  approximation,  /*",  to  the  required  diameter  is 
to  be  computed,  as  follows : — 


•-*•(£)* w 


h 

When,  as  is  usually  the  case,  the  difference,  q'  —  q",  is  small  com- 
pared with  q',  the  following  formula  for  the  second  approximation 
is  sufficiently  near  the  truth  : — 


h'~h{1+trf} <9> 


<1 

A  third  approximation  might  be  found  by  repeating  the  process; 
but  the  second  approximation  will,  in  genera],  be  found  accurate 
enough  for  practical  purposes. 

467.  Centrifugal  whirling  of  Shafts.* — Any  small  deflection  of  the 
centre  line  of  a  shaft  from  the  straight  axis  of  rotation  gives  rise,  on 
the  one  hand,  to  centrifugal  force,  tending  to  make  the  deflection 
become  greater;  and,  on  the  other  hand,  to  elastic  stress,  resisting 
the  deflection,  and  tending  to  straighten  the  centre  line  again.  The 
resistance  to  deflection  may  be  shortly  called  the  stiffness.  In 
very  small  deflections,  the  centrifugal  force  and  the  stiffness  both 
increase  according  to  the  same  law,  being  both  sensibly  propor- 

*  The  substance  of  this  Article  first  appeared  in  the  Engineer  of  tho 
9th  April,  1869. 
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tioDal  to  the  deflection  simply ;  hence,  whichever  of  them  is  the 
greater  for  an  indefinitely  small  deflection,  continues  to  be  the 
greater  until  some  deflection  is  reached  which  causes  a  sufficient 
difference  between  their  laws  of  variation.  The  consequence  is, 
that  if,  for  an  indefinitely  small  deflection,  the  centrifugal  force  is 
equal  to  or  greater  than  the  stiffness,  the  shaft  must  go  on  per- 
manently whirling  round  in  a  bent  form,  to  the  injury  of  itself 
and  the  adjoining  machinery  and  framing :  a  kind  of  motion  which 
may  be  called  centrifugal  whirling.  On  the  other  hand,  if  for  an 
indefinitely  small  deflection  the  stiffness  is  greater  than  the 
centrifugal  force,  centrifugal  whirling  is  impossible. 

For  a  shaft  of  a  given  length,  diameter,  and  material,  there  is  a 
limit  of  speed ;  and  for  a  shaft  of  a  given  diameter  and  material, 
turning  at  a  given  speed,  there  is  a  limit  of  length,  below  which 
centrifugal  whirling  is  impossible. 

The  mathematical  expression  of  the  conditions  of  the  problem 
leads  to  a  linear  differential  equation  of  the  fourth  order,  integrable 
by  means  of  circular  and  exponential  functions.  The  integrals 
are  (as  might  have  been  expected)  identical  in  form  with  those 
obtained  by  Poisson  in  his  investigation  of  the  transverse  vibrations 
of  elastic  rods  (Traite  de  Mecanique,  Vol.  II.,  §  528) ;  and  some  of 
the  numerical  results  calculated  by  Poisson  are  applicable  to  the 
present  problem.  The  relation  between  the  limits  of  length  and  of 
speed  depends  on  the  way  in  which  the  shaft  is  supported.  The 
only  two  cases  which  will  here  be  given  are  those  respectively  of  a 
shaft  supported  on  two  bearings  at  its  ends,  and  of  an  overhanging 
shaft  with  one  end  fixed  in  direction. 

E 

Let  —  be  the  modulus  of  elasticity  of  the  material,  expressed  in 

units  of  height  of  itself  (say,  for  wrought  iron,  about  7,500,000 
feet,  or  2,286,000  metres);  r2,  the  square  of  the  radius  of  gyration 
of  the  cross-section  of  the  shaft  (=  h2  +  16  for  a  cylindrical 
shaft  of  the  diameter  h) ;  and  a,  the  angular  velocity  of  rotation, 
(  =  2  «■  x  number  of  turns  per  second).  Calculate  a  certain  length, 
6,  as  follows : — 


b  = 


&:y (■■> 


Then  the  limit  of  span,  below  which  centrifugal  whirling  is 
impossible,  bears  a  ratio  to  b  depending  on  the  manner  in  which 
the  shaft  is  supported;  for  example, 

Shaft  supported  at  the  ends;  span,  2  c,  I  ~  ^.1416  h  \  >  &') 

Shaft  overhanging:  direction  of  one  end  /  =  0*595  »  b  \    fl> . 
fixed ;  length,  c,  \  =  V87  b       ( '  W 
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In  practical  calculations  it  may  be  convenient  to  put,  instead 
g    a 
of  -2 ,  -g ;  where  n  is  the  number  of  revolutions  per  second,  and 

A  =  j^2  (=  0-815  foot,  or  0  248  mdtre,  nearly)  is  the  altitude  of 

a  revolving  pendulum  which  makes  one  revolution  in  a  second. 
This  gives,  for  the  value  of  6, 


b 


-££)* w 


It  is  obvious  that  r  should  be  expressed  in  the  same  units  of 

E 
measure  with  —  and  A ;  for  example,  in  feet,  if  they  are  expressed 

in  feet. 

The  inverse  formula  for  the  limit  of  speed  below  which  centri- 
fugal whirling  is  impossible  in  a  shaft  of  a  given  length,  I,  are  of 
course  as  follows  : — 

Make  b  =  2  c  *  0*3183  for  a  shaft  supported  at  the  two 
ends,  and  of  the  half  span,  c; (5.) 

Or  b  =  0*5347  c  for  an  overhanging  shaft;. (6.) 

Then  the  limit  of  speed,  in  revolutions  per  second,  is 

*BVV-7 (l) 

The  following  are  approximate  values  of  and   its   square 

and  fourth  roots,  for  British  and  French  measures  : — 


V^  (¥> 


EA         A/EA    {EX\i 

10 


Feet, 6,100,000        2,470  497 

Metres, 566,000        7524  27-4 

An  additional  mass  turning  along  with  the  shaft,  such  as  a 
pulley,  has  little  effect  on  the  centrifugal  force  when  it  is  in  the 
usual  position ;  that  is,  close  to  or  near  to  a  bearing. 

The  effect  of  an  additional  rotating  load  distributed  uniformly 

along  the  shaft  may  be  allowed  for  by  diminishing  the  height  — 
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of  the  modulus  of  elasticity  in  the  same  proportion  in  which  the 
weight  of  the  shaft  itself  is  less  than  the  gross  load. 

The  effect  of  an  additional  rotating  load  at  a  point  not  near  s 
hearing  has  not  yet  t>een  investigated.  The  problem  is  capable  of 
solution  by  means  of  the  general  integrals  already  known ;  but  it  is 
not  of  much  practical  importance ;  for  when  a  shaft  is  so  long  and 
so  rapid  in  its  rotation  as  to  require  precautions  against  centri- 
fugal whirling,  the  first  precaution  is  to  avoid  loading  it  with 
rotating  masses  which  are  not  very  near  the  bearings. 

468.  DiMeaatoM  of  eonpiings. — Couplings  have  already  been 
referred  to  in  connection  with  disengaging  and  re-engaging  gear, 
in  Article  260,  page  295.  An  ordinary  shaft-coupling  may  be 
described  as  consisting  of  two  discs  at  the  ends  of  the  two  lengths 
of  shafting  to  be  coupled,  which  two  discs,  when  put  together,  form 
one  cylinder;  each  of  the  two  discs  being  cylindrical,  and  having, 
on  the  side  which  faces  the  other  disc,  alternate  projecting  and 
receding  sectors:  the  projecting  sectors  forming  claws,  which  fit 
into  the  hollows  and  between  the  claws  of  the  opposite  disc.  When 
there  is  only  one  projecting  sector  or  claw  on  each  disc,  of  a  semi- 
cylindrical  figure,  the  coupling  is  the  circular  Judf-lap  coupling, 
introduced  by  Mr.  Fairbairn.  It  is  described  by  him  in  the  follow- 
ing words  {Treatise  on  Mills  and,  Milltoork,  Part  II.,  page  81): — 
"  It  is  perfectly  round,  and  consists  of  two  laps,  turned  to  a  gauge, 
and,  when  put  together  by  a  cutting  machine,  it  forms  a  complete 

cylinder A  cylindrical  box  is  fitted  over  these, 

and  fixed  by  a  key,  grooved  half  into  the  box  and  half  into  the 
shaft.  The  whole  is  then  turned  in  the  lathe  to  the  same  centres 
as  the  bearings  of  the  shaft.     .     .     .     ." 

The  following  are  the  proportions  given  by  Mr.  Fairbairn  for 
this  coupling : — 

Area  of  the  coupling, =2  x  area  of  the  shaft 

Or,  in  other  words,  diameter  of)  =  vm2      ^meter  of  daft 

coupling, J 

Length  of  lap, =  diameter  of  shaft. 

Length  of  box, =  2  x  diameter  of  shaft. 

To  which  may  be  added,  outside  )        01        ,.        .        r  ,    ,.. 

diameter  of  box, }  =  2*  x  «I"«neter  of  shaft 

469.    Rashes  nnd  Plumber-Blocks. — The  following  rules  for  the 

dimensions  of  the  brasses  or  bushes  of  bearings  for  journals,  and  of 
the  plumber-blocks  which  carry  tho3e  bushes,  are  given  on  the 
authority  of  Mr.  Moles  worth  : — 

Bush:  thickness  of  metal  at  bottom  =  0*15  inch  +  from  0*09  to 
0*12  diameter  of  journal. 
„      thickness  of  metal  at  sides  -  -J  thickness  at  bottom. 
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Plumber- Block  :  thickness  of  sole-plate  =  0*3  diameter  of  journal. 

thickness  of  cover  =  0*4  diameter  of  journal, 
diameter  of  bolts,  if  two  in  number  =  0'25  dia- 
meter of journal 
if  four  in  number  =  0*18  dia- 
meter of  journal. 


>? 


99 


Section  IV. — Special  Rules  relating  to  Pulleys,  Wheels,  Teeth, 

and  Levers. 

470.   Teeth  and  Rims  of  Wheel*  and  Dimensions  depending  on 

them. — The  teeth  of  wheels  are  made  strong  enough  to  resist  the 
bending  moment  which  may  arise  from  the  whole  force  transmitted 
by  a  pair  of  wheels  happening  to  act  on  one  corner  of  one  tooth, 
such  as  D  in  fig.  281. 

In  fig.  281  a,  let  the  shaded  part  represent  a  portion  of  a  cross- 
section  of  the  rim  of  the 
wheel  A  of  fig.  281,  and  let 
E  H  K  P  be  the  face  of  a 
tooth,  on  one  corner  of  which, 
P,  acts  the  force  represented 
by  that  letter.  Conceive 
any  sectional  plane,  E  F,  to       ^  """    / 

intersect  the  tooth  from  the  --B» ^ 

side  E  P  to  the  crest  P  K, 
and  let  P  G  be  perpendicular 
to  that  plane.  Let  h  be  the 
thickness  of  the  tooth,  and  let  E  F  =  b,  P  G  =  I. 

Then  the  bending  moment  at  the  section  E  F  ia  P  /,  and  the 
greatest  stress  produced  by  that  moment  at  that  section  is 

_6_PZ 
P~   bh*> 


'^M, 


Fi*. 


261 


Fig.  281. 


which  is  a  maximum  when 
then  the  value, 


P  E  F  =  45*,  and  b  =  2  I,  having 


J  —      7.2 


3P 


Consequently,  the  proper  thickness  for  the  tooth  is  given  by  the 
equation 

4=V9 (1) 

This  formula  is  Tredgold's;  according  to  whom  the  proper  value 
for  the  greatest  working  stress,  ,/J  is  4,500  lbs.  on  the  square  inaK^ 
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when  the  teeth  are  of  cast  iron;  and  about  1,125  lba  on  the  squirt 
inch,  when  they  are  wooden  cogs ;  being  equivalent  respectively  to 
3*2  and  to  0*8  kilogrammes  on  the  square  millimetre;  so  that  a 
wooden  cog  has  twice  the  thickness  of  a  cast-iron  tooth  fitted  to  bear 
the  same  pressure. 

The  thickness  having  been  thus  determined,  the  pitch  is  to  be 
deduced  from  it  by  the  following  formula : — 

-,.,  .       h  +  0-02  inch      h  +  0*5  millimetre 

Pltch  = (M7 ' 047 ; <2> 

and  all  the  other  dimensions  of  the  teeth,  and  of  the  ring  which 
carries  them,  are  to  be  calculated  from  the  pitch,  by  means  of  rules 
which  have  already  been  given  in  Article  125,  page  117. 

It  has  already  been  stated  in  the  rules  referred  to,  that  the 
depth  of  the  ring,  when  cast  along  with  the  teeth,  is  equal  to  the 
thickness  of  a  tooth  at  its  root.  In  a  mo7-tise-wheelf  with  a  cast- 
iron  ring,  and  wooden  cogs  fixed  into  mortises  in  the  ring,  the  depth 
of  the  ring  is  about  equal  to  the  pitch.  The  thickness  of  metal  in 
the  ring  regulates  the  thickness  of  metal  in  other  parts  of  the 
wheel,  which  should  be  the  same,  or  nearly  the  same. 

The  hoop-shaped  ring  which  carries  the  teeth  of  a  wheel  is  often 
strengthened  by  means  of  a  rib  or  feather  in  a  plane  normal  to  the 
axis,  and  sometimes  by  means  of  two  such  ribs,  so  as  to  make  the 
eross-section  of  the  rim  T-shaped,  or  trough-shaped,  as  the  case  may 
be.  The  sectional  area  of  the  rim  in  such  cases  is  made  nearly 
equal  to  that  of  the  arms,  which  is  determined  by  means  of 
principles  to  be  stated  further  on. 

The  breadth  of  a  wheel  is  regulated  by  that  of  the  teeth,  which 
is  found  by  one  of  the  rules  already  referred  to.  The  breadth  of  a 
pulley  is  regulated  by  that  of  the  belt  which  is  to  run  upon  it;  and 
the  swell  (as  already  stated  in  Article  170,  page  184),  is  one-24th 
of  the  breadth. 

471.     JB©*»  and  Aram  of  a  Wheel  or  Pnlley. — "When   a    wheel    or 

pulley  is  cast  in  one  piece,  the  nave  or  boss  is  usually  about  twice 
the  diameter  of  the  shaft  on  which  it  is  fixed,  and  sometimes  a 
little  less.  When  the  arms  are  cast  separate  from  the  boss,  and 
inserted  into  sockets  in  it,  where  they  are  fixed  by  means  of  bolts 
or  of  wedges,  the  boss  is  from  three  to  four  times  the  diameter  of 
the  shaft. 

A  small  wheel  or  pulley  often  has  instead  of  arms,  a  thin  flat 
disc,  whose  thickness  may  be  made  equal  to  the  thickness  of  metal 
round  the  eye  of  the  boss.  In  rapidly  revolving  pulleys,  the  arms 
are  often  made  of  a  flat  oval  section,  so  as  to  cleave  the  air 
edgewise.  The  arms  of  wheels  are  usually  of  a  T-shaped,  cross- 
shaped,  or  tubular  form  of  section. 
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To  calculate  the  bending  moment  which  each  of  the  arms  of  a 
-wheel  has  to  resist,  let  M  be  the  greatest  moment  of  the  effort 
transmitted  by  the  wheel;  n,  the  number  of  arms;  r,  the  geomet- 
rical radius  of  the  wheel,  from  the  axis  to  the  pitch-line ;  x,  the 
length  of  an  arm,  from  the  boss  to  the  rim;  M',  the  bending 
moment  on  each  arm ;  then  two  cases  may  be  distinguished. 

I.  If  the  arms  and  rim  are  made  in  one  piece,  either  by  casting 
or  by  welding; 

M'  =  —  •  (l) 

and  this  formula  is  applicable  also  to  wheels  like  the  paddle  wheels 
of  a  steamer,  in  which  wrought-iron  arms  are  rigidly  bolted  or 
rivetted  both  to  the  boss  and  to  the  rim. 

II.  If  the  arms  are  cast  along  with  segments  of  the  rim,  and 
fastened  into  sockets  in  the  boss; 

m,,      Ma;  ,_x 

M'  =     — (2.) 

nr  v    ' 

This  second  formula  is  based  on  the  supposition  that  the  joint 
where  an  arm  is  inserted  into  the  boss  cannot  safely  be  trusted  to 
bear  any  part  of  the  bending  moment  This  is  not  strictly  correct, 
but  it  is  an  error  on  the  safe  side. 

The  transverse  section  of  the  arms  is  to  be  adapted  to  bear 
safely  the  working  moment  thus  found,  by  the  aid  of  the  rules  of 
Article  437,  pages  514  to  516. 

In  Case  I,  the  greatest  bending  moment  is  exerted  on  each  arm 
at  two  points,  close  to  the  rim  and  close  to  the  boss  respectively ; 
in  Case  II,  the  greatest  bending  moment  is  exerted  close  to  the 
rim. 

Another  way  of  adjusting  the  strength  of  the  arms  to  the 
moment  exerted  through  them  is  as  follows : — Having  fixed  the 
figure  and  dimensions  of  an  arm  according  to  convenience,  calculate 
the  working  moment  to  which  it  is  adapted ;  let  this  be  denoted 
by  M';  then  the  number  of  arms  required  is  given  by  the  following 
formulae : — 

In  Case  I;  n  =  ^Wr' ^ 

In  Case  II;  n  =  j^; (4.) 

The  real  working  modulus  of  stress  for  cast  iron  in  these  cal- 
culations should  not  exceed  4,500  lbs.  on  the  square  inch,  or  3*2 
kilogrammes  on  the  square  millimetre  *,  and  foac  ^rtw^gok  \ssbd^ 
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9,000  lbs.  on  the  square  inch,  or  6*3  kilogrammes  on  the  squat 
millimetre. 

472.    Ce»irlf»i«l  Ten»lon  In  Wheels  am*  Pallcy^— The  rim  of  a 

wheel,  moving  with  the  velocity  t?,  is  subjected  to  a  centrifugal 

v  2 

tension  whose  amount  is  equal  to  the  weight  of  a  length  —  of  that 

rim  (including  teeth,  if  it  is  a  toothed  wheel).  This  is  resisted 
l>y  the  tenacity  of  the  rim  at  its  smallest  cross-section  (or  by 
the  fastenings  of  the  rim,  if  it  is  made  in  segments),  partly 
assisted  by  the  tenacity  of  the  arms.  Each  of  the  arms  has  to 
l>ear  its  own  centrifugal  tension,  which,  at  a  point  close  to  the  boas, 
is   equal  to  the  weight  of  a  length   of  the  arm  itself  expressed 

by  (1 ~>)sf  >  r  b^ng  *ne  radius  of  the  wheel,  and  V  that  of  the 

•  * 

boss  ;  and  on  the  whole,  it  is  an  error  on  the  safe  side  to  make  the 
rim  strong  enough  to  bear  its  own  centrifugal  tension  without  aid 
from  the  arms.  This  fixes  a  limit  of  safely  as  to  speed,  for  a  rim 
of  a  given  material  and  construction.  Let  m  be  the  ratio  in  which 
the  mean  sectional  area  is  greater  than  the  effective  sectional  area, 
/'  the  greatest  working  tensile  stress,  and  let  w  be  the  heaviness  of 
the  material ;  then  the  greatest  proper  velocity,  being  that  which 
produces  the  stress  j\  is  given  by  the  formula  : — 


-\/GK) <>■) 


The  modulus,  *— ,  for  cast  iron  mav  be  taken  at  800  feet,  or  244 

metres;  so  that  when  m  =  1,  as  in  a  pulley,  or  a  fly-wheel  without 
teeth,  we  have  v  —  1 60  feet,  or  49  metres,  per  second  nearly.  Let 
a  cast-iron  spur  fly-wheel  be  so  designed  that  m  =  2;  then  v  ■-=  113 
feet,  or  34  metres,  jier  second  nearly. 

/' 
The    modulus,    -,   for   wrought-iron   wheel-tyres   that   are   not 

welded,  but  rolled  out  of  perforated  discs,  may  be  taken  at  2,400 
feet,  or  730  metres.     (See  page  585.) 

473.    IVnulon-Arm*    of  Vertical    Waler-Wbr«lN. — The    Weight    of 

a  great  vertical  water-wheel,  of  the  construction  introduced  hv 
Hewes,  is  hung  from  a  cast-iron  boss  by  means  of  wrought-iron 
tension-rods.  The  load  is  distributed  amongst  the  rods  which,  at 
a  given  instant,  point  obliquely  or  vertically  downwards  from  the 
boss;  and  the  amount  of  the  tension  on  each  rod  is  proportional 
nearly  to  the  square  of  the  cosine  of  its  inclination  to  the  vertical. 

The  mean  value  of  that  square  is  nearly  — ;  and,  at  any  instant, 

half  the  total  number  of  rods  point  downwards.     Hence,  let  f  bo 
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the  intensity  of  the  tension  on  the  rods  which  point  vertically 
downwards;  S,  the  sectional  area  of  a  rod;  n,  the  number  of  rods; 
W,  the  load;  then 


and 


W  =  5{?; (1.) 


4W 

S  =  ^. (2.) 


For  the  working  value  off  we  may  take  from  9,000  to  10,000  lbs. 
on  the  square  inch;  or  from  6-3  to  7  kilogrammes  on  the  square 
millimetre.  (See  A  Manual  of  the  Steam- Engine  and  ot/ier  Prime 
Movers,  Article  155,  pages  181,  182.) 

474.  Braced  wheel*. — Instead  of  transmitting  power  between 
the  boss  and  the  rim  of  a  wheel  by  means  of  the  resistance  of  the 
arms  to  bending,  the  arms  may  be  so  placed  as  to  transmit  power 
by  their  direct  tension  and  thrust;  and  for  that  purpose  they  must 
not  be  radial,  but  must  lie  in  the  direction  of  tangents  to  a  circle  of 
a  radius  somewhat  smaller  than  that  of  the  boss.  Let  r"  denote  the 
radius  of  this  circle;  n,  the  number  of  arms;  M,  the  greatest 
moment  transmitted;  then  the  amount  of  the  greatest  stress  along 
an  arm  is  given  by  the  following  expression  : — 

2* 

nr" 

This  is  tension  for  one  half  of  the  arms,  and  thrust  for  the  other 
half;  and  their  dimensions  are  to  be  determined  by  the  rules  of 
Article  459,  pages  537  to  539. 

475.  l*e*er»,  BenM*  and  Crank*  have  usually  one  or  two  arms, 
as  the  case  may  be ;  and  each  arm  is  in  the  condition  of  a  bracket ; 
the  greatest  bending  moment  being  exerted  at  that  cross-section 
which  traverses  the  fulcrum,  or  axis  of  motion.  In  the  crank  of  a 
steam  engine,  the  greatest  bendiug  moment  is  identical  with  the 
greatest  twisting  moment  exerted  on  the  shaft  to  which  the  crank 
is  fixed. 

In  ordinary  cases  it  is  unnecessary  to  add  anything  to  the  rules 
which  have  already  been  given  in  Article  434  to  438,  pages  504 
to  517,  for  determining  bending  moments,  and  the  transverse 
dimensions  required  in  order  to  resist  those  moments.  Cranks  are 
usually  rectangular  in  section;  levers  and  walking  beams  are 
sometimes  rectangular  and  sometimes  Z-sha|>ed.  The  bending 
moment  is  in  most  cases  exerted  in  contrary  directions  alternately, 
so  that  the  cross-section  must  be  made  symmetrical  about  the 
neutral  axis;  and  for  the  modulus  of  stress  must  be  taken  a  safe 
working  value  of  that  kind  of  stress  against  which  the  material  is. 
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weakest;  tension  for  cast  iron,   thrust  for  wrought  iron;    for 
example : — 

Oast  Iron.       Wroagtttlim 

Lbs.  on  the  square  inch,  3000  6000 

Kilogrammes  on  the  square  millimetre,...       2*1  4*2 

Holes  made  in  a  lever  for  the  purpose  of  inserting  pins  should 
be  as  near  as  possible  to  the  neutral  layer;  that  being  the  position 
in  which  the  removal  of  a  given  area  of  material  weakens  the 
lever  least. 

The  following  rules  for  the  proportionate  dimensions  of  a  steam- 
engine  crank,  made  to  be  keyed  on  the  end  of  a  shaft,  are  those 
deduced  by  Mr.  Bourne  from  the  practice  of  Messrs.  Boulton  and 
Watt  :— 

Diameter  of 
ShafWournil 
multiplied  by 

Crank- web;  thickness  produced  to  centre  of  shaft,...  075 

,,  breadth  produced  to  centre  of  shaft, 1*50 

Large  Eye;  breadth, 175 

„  thickness, 0*45 

Diameter  of 

PiRton-Rod 

multiplied  by 

Crank- web;   thickness  produced  to  centre  of  pin, i*io 

„  breadth  produced  to  centre  of  pin, 1  -6o 

Small    Eye;   breadth, 1-87 

„  thickness, 0*63 

Crunk-pin  Journal;  diameter, 1*40 

„  „         length, i*6o 

As  to  Crank-pins,  see  pages  541  to  543. 

Trussed  or  framed  levers  are  sometimes  used;  as  in  the  walking 
beams  of  American  river  steamers.  A  beam  of  that  sort  cousists 
mainly  of  a  cast-iron  cross,  having  the  ends  of  its  arms  tied 
together  by  four  wrought-iron  tie-rods,  forming  a  lozenge-shaped 
figure.  The  long  arms  are  from  twice  to  three  times  the  length  of 
the  short  arms.  The  long  arms  are  always  in  a  state  of  thrust;  the 
upper  and  lower  tie-rods  alternately  are  subjected  to  tension;  and 
the  upper  and  lower  short  arms  of  the  cross  alternately  are  sub- 
jected to  a  thrust  equal  to  twice  the  load.  The  load,  the  thrust 
along  a  long  arm,  and  the  tension  on  a  tie-rod,  are  to  each  other 
nearly  in  the  proportions  of  the  length  of  a  short  arm,  the  length 
of  a  long  arm,  and  the  length  of  a  tie-rod. 


559 


CHAPTER  IV. 

ON  THE  PRINCIPLES   OF  THE  ACTION   OF  CUTTING  TOOLS. 

476.  General  Explanation*. — In  making  the  bearing  and  work- 
ing surfaces  of  the  parts  of  a  machine,  it  is  only  a  rough  approxi- 
mation to  the  required  figure  that  can  be  obtained  by  casting,  by 
forging,  or  by  pressure.  The  precision  of  form  which  is  essential 
to  smooth  motion  and  efficient  working  is  given  by  means  of 
cutting  tools.  The  object  of  the  present  chapter  is  to  give  a  brief 
statement  of  the  principles  upon  which  the  action  of  such  tools 
depends.  For  detailed  information  respecting  them,  reference 
may  be  made  to  the  second  volume  of  Holtzapffel's  Treatise  on 
Mechaniml  Manipulation,  extending  from  page  457  to  page  1025, 
and  to  Mr.  Northcott's  Treatise  on  Lathes  and  Turning;  and  for 
a  very  clear  summaiy  account  of  their  nature  and  use,  to  an 
Essay  by  Mr.  James  Nasmyth,  published  at  the  end  of  the  later 
editions  of  Buchanan's  Treatise  on  Millwork. 

The  appendix  to  Holtzapffel's  volume  contains  two  essays  of 
much  value  on  the  general  principles  of  cutting  tools — one  by  Mr. 
Babbage,  and  the  other  by  Professor  Willis. 

477.  Characteristics   of   Cutting    Tools    In    General. — The    usual 

material  for  cutting  tools  is  steel,  of  a  degree  of  hardness  suited 
to  that  of  the  material  to  be  cut.  Every  cutting  tool  has  at  least 
one  cutting  edge;  and  sometimes  three  or  more  edges  meet  and 
form  a  point,  two  or  more  of  those  edges  being  cutting  edges;  so 
that  the  form  of  the  cutting  part  of  a  tool  is  that  of  a  wedge,  or 
of  a  pyramid,  as  the  case  may  be.  A  cutting  edge  is  formed  by 
the  meeting  of  two  surfaces,  generally  plane,  and  sometimes  curved. 
When  a  surface  forming  a  cutting  edge  is  oblique  to  the  original 
surfaces  of  the  bar  out  of  which  the  tool  is  made,  that  surface  is 
called  a  chamfer  or  bevel.  The  angle  at  which  those  surface* 
meet  may  be  called  the  cutting  angle.  It  ranges  from  about 
15°  to  135°,  according  to  the  nature  of  the  material  to  be  cut,  and 
the  way  in  which  the  tool  is  to  act  upon  it.  Examples  of  cutting 
angles  of  tools  for  different  purposes  will  be  mentioned  further  on. 
A  narrow  cutting  edge  at  the  end  of  a  bar-shaped  tool  is  often 
called  the  point  of  the  tool ;  the  body  of  the  tool  is  called  the  shaft 
or  the  blade;  the  term  sliaft  being  usually  applied  to  tools  with  a 
cutting  point  or  narrow  edge  at  one  end,  and  blade  to  those  which 
have  a  longitudinal  cutting  edge;   but  blade  is  often,  %.^\\is*kw 
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both  kinds  of  tools.  A  bar-shaped  shaft  is  sometimes  called  a  stem. 
The  blade  or  shaft  of  a  tool  is  sometimes  made  of  iron,  and  edged 
or  pointed  with  steel.  A  larger  piece,  to  which  the  blade  is  fixed, 
is  called  the  stock;  and  in  the  case  of  hand-tools,  that  part  of  the 
stock  which  is  grasped  by  the  hand  is  called  the  Jiandle.  The 
fitocks  and  handles  of  hand-tools  are  usually  of  wood  of  some  strong 
and  tough  kind.  Where  steady  pressure  is  to  be  exerted,  stiff 
woods  are  to  be  chosen,  such  as  beech  and  mahogany ;  where  blows 
are  to  be  given,  flexible  woods,  such  as  ash.  Machine-tools  are 
held  in  tool-holders  of  different  sorts,  made  of  cast  and  wroogbt 
iron.  A  rest  is  a  fixed  or  moveable  support  for  a  cutting  tool,  in 
machine  tools,  the  rest  carries  the  tool-holder. 

The  term  machine-tool  is  often  applied,  not  merely  to  the  cutting 
implement  itself,  but  to  the  whole  machine  of  which  it  forms 
]wrt. 

The  piece  of  material  which  is  being  cut  by  a  tool  is  commonly 
called  the  work.  A  given  relative  motion  of  the  work  aud  cutting 
tool  may  be  obtained  either  by  keeping  the  work  fixed  and 
moving  the  tool,  or  by  keeping  the  tool  fixed  and  moving  the  work, 
or  by  a  combination  of  both  those  motions. 

478.  C'laMiflcmion  of  Caning  Tool*. — The  following  classification 
is  that  of  Holtzapffel.  Cutting  tools,  according  to  their  mode  of 
action  on  the  bodies  to  which  they  are  applied,  are  divided  into 
Sharing,  Paring,  and  Scra}ring  tools;  the  following  being  the 
characters  by  which  those  tools  are  distinguished  from  each 
other. 

I.  A  Sharing  Tool  acts  by  dividing  a  plate  or  bar  of  the 
material  operated  on  into  two  parts  by  shearing ;  that  is  to  say, 
by  making  these  two  parts  separate  from  each  other  by  sliding  at 
the  surface  of  separation. 

II.  A  Paring  Tool  cuts  a  thin  layer  or  strip,  called  a  s/utving, 
from  the  surface  of  the  work;  thus  producing  a  new  surface. 

III.  A  Scraping  Tool  scrapes  away  small  particles  froin  the 
surface  of  the  work;  thus  correcting  the  small  irregularities 
which  may  have  been  left  by  a  paring  tool. 

479.  fehenrlng    and    Punching    Tool*. — A     pair     of    shears     for 

cutting  iron  usually  consists  of  two  blades;  the  lower  fixed, 
and  the  upper  moveable  in  a  vertical  direction.  The  inner 
faces  of  the  blades  are  plane,  and  are  so  fitted  as  to  slide  past 
each  other  very  closely,  but  without  appreciable  friction.  The 
ordinary  angle  for  the  cutting  edges  is  from  75°  to  80°.  In 
shears  for  cutting  plates,  the  edge  of  the  lower  blade  is  horizontal ; 
that  of  the  upper  blade  has  an  inclination  of  from  3°  to  6°,  in 
order  that  the  shearing  may  begin  at  oue  edge  of  the  plate,  and 
go  on  gradually  towards  the  other  edge.  Fig.  282  represents  a 
cross-section  of  the  blades  of  a  pair  of  shears,  with  their  cutting 
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A  and  B,  and  having  between  them  a  plate  or  Tar,  C  C, 

to  be  shorn  through  at  the   plane  whose  trace  is  the 
>e  AB. 
ides  of  shears  for  cutting  angle-iron   bars  have  V-ab aped 

suit  the  form  of  crass- sect  ion  of  the  bars. 

it»  of  shearing  tools  comprehends  also  tools  for  punching; 

difference  being  in  the 

the    surface  at  which  I 

takes  place  j  which  form  T 

6s   that  of  the   cutting  | 

the  tools.     The  general 

of  the  action  of  those 
shown  in  fig.  283;  in 
C  is  a  plate,  lying  upon  - 
represented  in  vertical 
iy  B  B;  that  is,  a  flat  . 
ock  of  hard  steel,  having 
iole  u  little  larger  than 

that  is  to  be  punched 
late.  A  is  the  punch, 
indrical  figure,  its  base 

the  size  and  figure  of 
o  be  made.  The  descent 
inch  causes  the  material 
ate  C  C  to  separate  by 

at  the  surface  whose 
s  marked  by  dotted  lines, 
es  out  a  piece  called  a 
icli  drops  through  the 
the  die.  The  wad  is 
conical ;   its  upper  end 

the  size  of  the  punch, 
ower  end  nearly  of  the 
i  hole  in  the  die. 
dinary  difference  of  dia- 
ttween  the  punch  and 
auges  from  O'l  to  0'3 
Sickness  of  the  plate, 
M  the  die  is  made  pro- 
fly  larger,  in  order  that 

may  be  more  conical. 

nailer  end  only  of  a  punched  hole  is  accurate  in  sice 
c,  and  smooth.  The  larger  end  is  more  or  less  irregular 
;e&     When  it  is  necessary  that  a  punched  hole  should 

regular  and  smooth,  that  is  done  by  scraping  with  a 
.1  tool  called  a  rimer  or  broach. 

So 


Fig.  383. 
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The  pressure  required  for  shearing  or  for  punching  nay  be 
calculated  by  means  of  the  following  formula : — 

P=/**; (1.) 

in  which  t  is  the  thickness  of  the  plate  to  be  shorn  or  punched;  c, 
the  length  of  the  cut;  that  is,  the  breadth  of  the  plate,  for  shearing, 
on  the  circumference  of  the  hole,  for  punching;  so  that  ct  is  the 
area  of  shorn  surface  ;  and  f  the  co-efficient  of  ultimate  resistance 
to  shearing;  which  may  be  estimated,  for  malleable  iron,  at 

50,000  lbs.  on  the  square  inch,  or 

35  kilogrammes  on  the  square  millimetre. 

The  work  ot  shearing  or  punching  is  estimated  by  Weisbach 
(Tngenieur,  §  129)  as  equal  to  that  of  overcoming  the  resistance  P 
through  one-sixth  of  the  thickness  of  the  plate;  that  is  to  say,  it  is 
expressed  by 

6  6    ' *  '' 

and  this  is  the  net,  or  useful  work.  The  same  author  estimates 
the  counter-efficiency  of  shearing  and  punching  machines  at  from 
1J  to  1£;  so  that  taking  the  higher  ot  those  estimates,  the  total 
work  of  such  a  machine  at  one  stroke  is 

V-'-;' w 

and  this  formula  is  to  be  used  iu  calculating  the  power  required  to 
drive  such  machines,  and  the  dimensions  of  their  fly-wheels  (see 
page  410). 

480.    Paring  and  Scraping  Tool*  In  General. — The  general  nature 

of  the  modes  of  action  of  paring  and  of  scraping  tools  is  illustrated 
by  tigs.  284  and  285;  paring  being  represented  by  fig.  284;  scrap- 
ing by  tig.  285.  In  each  figure,  the  tool  is  supposed  to  act  upon  a 
cylindrical  piece  of  work  in  a  turning  lathe.  The  arrow  in  each 
figure  represents  the  direction  of  motion  of  the  work  relatively  to 
the  tool.  The  plane  of  each  figure  is  parallel  to  the  direction  of 
the  cutting  motion,  and  perpendicular  to  the  face  of  the  work. 
The  point  A  is  the  trace  of  the  cutting  edge  of  the  tool.  FAB 
is  a  normal  to  the  face  of  the  work,  and  is  also  the  trace  of  a  plane 
normal  to  the  direction  of  the  cuttiug  motion.  A  C  is  the  trace  of 
a  plane  tangent  to  the  face  of  the  work.  Had  the  process  repre- 
sented been  planing  instead  of  turning,  A  C  would  have  been  the 
trace  of  the  face  of  the  work  itself.  A  D  is  the  trace  of  the 
face-plane  or  front-plane  of  the  cutting  edge.  The  angle  ACD 
is  called  by  Babbage  the  angle  of  relief. 
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A  E  is  the  trace  of  the  upper  plane  of  the  catting  edge :  so  called 
because  of  its  position  in  the  process  of  turning,  when  the  plane 


Fig.  284. 

A  C  is   vertical,  and  the  tool  cuts  upwards.     In  other  opera- 
tions, such  as  planing  and  slotting,  the  plane  A  E  may  be  turned 


Fig.  285. 
forwards  or  downwards;  the  fact  being,  that  in  every  cue  it  in  th* 
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real  front  plane  as  regards  the  cutting  motion ;  but  the  custom  is 
to  call  it  the  upper  plane. 

D  A  E  is  the  angle  of  Hie  tool,  or  cutting  angle.  In  paring  tools 
the  cutting  angle  is  always  acute,  as  in  fig.  284 ;  having  values 
depending  on  the  nature  of  the  material  to  be  cut,  of  which  ex- 
amples will  be  given  further  on.  In  scraping  tools,  the  cutting 
angle  mav  be  acute,  right,  or  obtuse;  in  fig.  285,  it  is  nearly  a 
right  angle. 

The  angle  C  A  E,  made  by  the  upper  plane  A  E  with  the  tangent 
plane  A  C,  may,  for  the  sake  of  convenience,  be  called  the  working 
angle ;  so  that  the  working  angle  is  equal  to  tJie  sum  of  t/te  cutting 
angle  and  the  angle  of  relief;  or  in  symbols,  C  A  E  =  DAE  + 
CAD.* 

It  is  upon  the  working  angle  that  the  distinction  between 
properly  shaped  paring  and  scraping  tools  depends.  That  distinc- 
tion may  be  stated  as  follows: — Every  paring  tool  has  an  acute 
working  angle;  every  right  or  obtuse  working  angle  makes  a  scraping 
tool. 

An  acute  working  angle,  if  it  is  too  great  to  suit  the  material  on 
which  it  acts,  may  give  a  scraping  instead  of  a  paring  tool. 

As  regards  the  effect  of  the  cutting  angle  upon  the  action  of  a 
tool,  it  is  obvious,  that  as  the  working  angle  is  greater  thau  the 
cutting  angle,  an  obtuse  or  even  a  right  cutting  angle  gives  a 
scraping  tool ,  and  that  an  acute  cutting  angle  too  may  give  a 
scraping  tool,  if  the  tool  is  held  so  as  to  make  the  working  angle 
right  or  obtuse;  but  that  an  acute  cutting  angle  is  essential  to  a 
paring  tool. 

In  well-made  paring  tools,  the  difference  between  the  working 
angle  and  the  cutting  angle,  or  angle  of  relief  C  A  D,  is  not  made 
greater  thau  experience  has  proved  to  be  necessary  in  order  to 
prevent  excessive  friction  betweeu  the  face-plane  of  the  tool  and 
the  face  of  the  work;  that  is,  about  3°.  Any  increase  of  that 
angle  is  to  be  avoided ;  because  it  tends  to  make  the  tool  dig  into 
the  work,  and  to  produce  "chattering;"  and  because,  by  diminish- 
ing the  cutting  angle,  it  weakens  the  tool. 

The  position  of  the  shaft  of  the  tool  as  held  by  the  tool-holder 
should  in  all  cases  be  such  that  the  back  and  forward  motion  of 
adjustment  of  the  cutting  edge,  A,  by  which  the  depth  of  the  cut 
is  regulated,  shall  take  place  exactly  in  the  plane  FAB,  perpendi- 
cular to  the  face  of  the  work ;  that  is  to  say,  in  the  case  of  a 
turning  lathe,  in  a  plane  traversing  the  axis  of  rotation. 

The  tools  shown  in  the  figures  have  the  front  ends  of  their  shafts 
bent,  hooked,  or  cranked,  as  it  is  termed,  in  such  a  manner  as  to 

*  Mr.  Babbage  calls  E  A  F  the  angle  of  escape;  so  that  the  angle  of  escape 
is  the  complement  of  the  working  angle.  In  carpenters'  hana-planes,  the 
working  angle  is  called  the  pitch. 
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ensure  that  the  cutting  edge,  A,  shall  not  be  in  advance  of  the  axis 
of  the  straight  part  of  tJie  shaft  of  tJie  tool.  The  object  of  this 
arrangement  id,  that  any  deflection  which  the  tool-shaft  may 
undergo  through  excessive  resistance  to  the  cut,  may  tend  to 
move  the  cutting  edge,  A,  away  from  the  work,  and  not  to  make  it 
dig  into  it 

In  tools  for  rough  work,  and  having  very  stiff  shafts,  the  cranked 
shape  is  unnecessary ;  and  then  the  upper  side  of  the  shaft  is  in 
the  plane  BAF;  the  proper  position  of  the  upper  plane  of  the 
cutting  edge  being  given  by  means  of  a  hollow  or  flute  in  the  upper 
side  of  the  tool. 

Fig.  286  represents  a  paring  tool  designed  on  the  same  principles 
with  that  shown  in  fig.  284,  but  with  two  cutting  edges,  and 
a  three-sided  pyramidal 
point.  The  upper  part  of 
the  figure,  marked  with 
capital  letters,  is  an  eleva- 
tion ;  the  lower  part,  mark- 
ed with  italic  letters,  is  a 
plan,  or  horizontal  pro- 
jection ;  and  corresponding 
letters  mark  correspond- 
ing points.  The  cutting 
edges  in  the  plan  are 
marked  a  b  and  a  c;  abed 
and  a  c  f  d  are  the  pro- 
jections of  the  two  face- 
planes;  ad  is  the  projec- 
tion of  the  front  edge; 
and  a  b  g  h  c  that  of  the 
upper  plane.  In  the  ele- 
vation are  shown  one  of  the 
cutting  edges,  A  B;  one 
of  the  face-planes,  A  BED; 
and  the  front  edge,  A  D. 
Sometimes  the  front  edge 
is  rounded,  together  with 
the  angles  cab  suidfd  e;  thus  connecting  the  two  straight  cutting 
edges  by  means  of  a  short  curved  cutting  edge.  Sometimes  the 
whole  cutting  edge  is  a  curve ;  and  then,  instead  of  two  face-planes, 
there  is  a  cylindrical  front  surface. 

The  relations  amongst  the  angles  made  by  the  planes  and  edges 
of  such  a  tool  as  that  shown  in  fig.  286  may  be  determined  either 
by  spherical  trigonometry,  or  by  the  rules  in  descriptive  geometry 
given  in  this  book,  Articles  24  to  30,  pages  9  to  12.  They  are 
treated  of  also  in  an  essay  by  Mr.  Willis,  %.Vre»A^  TOKft&ss&s&.  ** 


Fig.  286. 
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baring  been  published  in  the  appendix  to  the  second  volume  of 
Holtzapffel  On  Mechanical  Manipulation. 

A  tool  with  one  curved  or  two  straight  cutting  edges  may  be 
used  to  cut  a  groove,  or  to  pare  a  layer  by  successive  shavings  off 
the  surface  of  a  piece  of  work.  In  the  latter  case  the  shaft  of  the 
tool  is  to  be  so  formed  and  held,  that  one  of  the  straight  cutting 
edges  (for  example,  a  b),  or  one  side  of  the  curved  edge,  touches  the 
pared  face  of  the  work,  and  the  other  (for  example,  a  c)  cuts  into 
the  side  of  the  unpared  part  of  the  layer  that  is  being  removed; 
and  according  as  the  tool  is  shaped  and  placed  so  as  to  lie  to  the 
right  or  to  the  left  of  the  unpared  part  of  the  layer,  it  is  called  a 
right-side  or  a  leftside  tool.  Thus,  in  a  right-side  tool,  a  b  touches 
the  pared  face ;  a  c,  the  side  of  the  unpared  layer ;  and  in  a  left- 
side tool,  ac  touches  the  pared  face,  and  ab  the  side  of  the 
unpared  layer.  A  tool  with  one  cutting  edge  which  is  parallel  to  the 
face  of  the  work,  as  in  fig.  284,  or  a  tool  with  two  cutting  edges,  as 
in  fig.  286,  making  equal  angles  with  the  face,  is  called  a  face-tool. 
Fig.  287  shows  how  the  principle  of  having  a  small  augle  of  relief, 

with  a  sufficiently  acute  cutting 
angle,  is  applied  to  drills  oi 
boring  bits.  The  figure  shows 
a  front  view,  lettered  A,  B,  C, 
<fcc. ;  an  edge  view,  lettered 
A',  B',  C,  <fcc. ;  and  an  end 
view,  lettered  in  italics.  A  A 
is  the  axis  of  rotation ;  B  C, 
B  C,  the  cutting  edges ;  aud 
the  requisite  acuteness  is  given 
to  the  cutting  angle  (marked 
D'  C  E'  in  the  edge  view)  by 
means  of  a  Jlute  or  curved 
^6.  hollow  parallel  to  each  of  the 
-     %  cutting  edges. 

481.    Culling  Angles  of  Tools. 

— The  best  cutting  angles  for 
paring  tools  suited  to  different 

v--W>7/7A''//Je  mater^a^s  nave  ^een  ascertain- 
JWitTt  ec*  ky  practical  experience. 
irT.ii!M,.,.in^mw|B|    rpjie  f0uowmg  are  tne  priucipal 

H**37.  results:- 


Cutting  Angle*, 
.o 


Materials.  v^„ 

Wood, from  200  to  45* 

Iron  and  Steel, from  6o°to  700 

(The  smaller  angles  for  the  softer  kinds; 

the  greater  for  the  harder.) 
Brass  and  Bronze, fco°  *cd  upwards. 
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In  the  case  of  scraping  tools,  the  size  of  the  cutting  angle  is  a 
question  mainly  of  convenience  and  strength;  for  the  same  tool 
which  is  a  paring  tool,  when  the  working  angle  is  only  a  little 
greater  than  the  cutting  angle,  becomes  a  scraping  tool  when  the 
working  angle  is  sufficiently  increased. 

It  may  be  considered,  however,  that  in  order  to  give  sufficient 
strength  to  the  tool,  the  least  cutting  angle  for  a  scraping  tool 
should  not  be  less  than  the  cutting  angle  of  a  paring  tool  suited 
to  the  same  material 

The  cutting  angle  of  scraping  tools  for  iron  ranges  from  60° 
to  nearly  135°;  the  former  value  being  met  with  in  triangular 
scrapers  for  finishing  plane  surfaces;  the  latter,  in  octagonal  broaches 
for  enlarging  and  correcting  conical  holes. 

482.  Speed  of  Cutting  Tool*. — The  speed  of  the  cutting  motion 
of  tools  is  limited  by  the  heat  produced  by  their  action :  it  must 
not  be  so  great  as  to  cause  that  heat  to  affect  the  temper  of  the 
steel.  Hence  it  is  less,  the  harder  the  material  of  the  work.  The 
following  are  examples. 

Speed  of  Cutting  Motion. 
Material.  Feet  per  Mixrate. 

White  Cast  Iron,  about                   5 

Steel,  and  Gray  Cast  Iron, from    io  to      20 

Wrought  Iron,  from     15  to      25 

Brass  and  Bronze,  from    40  to     100 

Wood, from  300  to  2000 

Higher  speeds  may  be  used  for  planing,  and  for  ordinary  turn- 
ing, where  the  tool  and  the  cut  surface  are  freely  exposed  to  the 
air,  than  for  drilling  and  boring. 

483.  Resistance  and  Work  of  Paring  Tools. — The  following  esti- 
mate of  the  resistance  to  the  motion  of  a  tool  paring  iron,  and  of 
the  work  done,  is  based  on  that  given  by  Weisbach : — 

Let  II  denote  the  resistance  to  the  cutting  motion  of  the  tool; 
b  the  breadth,  and  t  the  thickness  of  the  shaving  which  it  pares  off; 
so  that  b  t  is  the  sectional  area  of  the  shaving;  then 

V  =  fbt; (1.) 

in  which  f  is  a  co-efficient  depending  on  the  hardness  and  tough- 
ness of  the  material.  The  value  of/ for  iron  is  estimated  by  Weis- 
bach at  50,000  lbs.  on  the  square  inch,  or  35  kilogrammes  on  the 
square  millimetre.  For  steel,  it  is  probably  from  once-and-half  to 
twice  as  great.  Let  I  be  a  given  length  of  shaving;  then  the  work 
done  in  paring  that  length  off  is 

Yl  =  flbt (2.) 

Let  w  be  the  heaviness  of  the  material  \  them  vj  (  U  \%  ^2oa, 


i 
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weight  of  material  pared  off;  and  the  work  done  in  that  process  if 

evidently  equal  to  the  work  of  lifting  that  weight  to  the  height  -; 

w 

-whose  value  for  iron  is 

15,000  feet,  or 
4,570  metres. 

The  counter-efficiency  of  the  machines  in  which  paring  tools  are 
used  may  be  estimated  at  from  1  '3  to  1  *5 ;  or  say,  on  an  average, 
14;  so  that  the  total  work  of  a  machine  in  paring  away  a  given 
weight  of  iron  may  be  estimated  as  being  equal  to  that  of  lifting 
the  same  weight  to  a  height  of 

21,000  feet,  or 
G,400  metres. 

The  work  done  by  cutting  tools  produces  heat,  which,  unless 
abstracted,  tends  to  injure  the  tools  by  raising  their  temperature. 
In  order  to  abstract  the  heat  and  keep  the  temperature  moderate, 
the  point  of  the  tool,  in  cutting  wrought  iron  and  steel,  is  moistened 
with  a  suitable  liquid,  such  as  oil,  or  a  solution  of  carbonate  of  soda 
in  water.  Pure  water  should  not  be  used,  as  it  causes  iron  and 
steel  to  rust.     Cast  iron,  brass,  and  bronze  are  cut  with  dry  tools. 

484.  Combinations  of  Cutting  Tool*. — The  boring  bit,  already 
mentioned  in  Article  480,  page  566,  is  in  fact  a  combination  of  two 
cutters  or  paring  tools.  A  combination  of  several  paring  tools, 
working  side  by  side,  is  seen  in  the  tool  sometimes  called  a  cortib, 
used  in  screw-cutting  lathes,  for  cutting  several  turns  of  the  thread 
at  the  same  time.  Cutters  following  each  other  in  succession 
occur  in  taps  and  dies,  for  cutting  internal  and  external  screws  by 
hand.  A  circular  cutter,  or  rose-cutter,  used  in  shaping  the 
teeth  of  wheels,  is  itself  a  toothed  wheel,  each  of  its  teeth  being  a 
paring  tool.  The  teeth  of  a  saw  form  a  series  of  small  paring  tools 
or  scraping  tools,  according  to  their  working  angles;  and  by  the 
process  of  setting  them — that  is,  bending  them  alternately  to  the 
right  and  left — they  are  made  alternately  into  left-side  and  right- 
side  tools,  so  as  to  cut  the  two  sides  of  the  saw-kerf. 

485.  Motion*  of  ItlnehineVTooU    In    General. — In  most  examples 

of  machine-tools,  the  relative  motion  of  the  tool  and  the  work  is 
the  resultant  of  three  component  motions,  usually  at  right  angles 
to  each  other,  or  of  two  out  of  those  three :  the  cutting  motion,  the 
traversing  motion,  or  transverse  feed  motion,  and  the  advancing 
feed  motion;  the  first  two  taking  place  parallel  to  the  face  of  the 
work,  and  the  third  in  a  direction  normal  to  it. 

The  cutting  motion  is  the  most  rapid  of  the  three,  being  that  by 
which  the  tool  acts  on  the  face  of  the  work,  leaving  a  narrow  strip 
or  band  from  which  a  portion  of  the  material  has  been  pared  or 
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scraped  away.  In  many  instances,  the  cutting  motion  is  effected 
by  a  motion  of  the  work,  the  tool  remaining  fixed,  and  such  is  the 
case  especially  in  turning  and  screw-cutting  lathes,  and  in  almost 
all  planing  machines.  There  are  other  operations  in  which  the 
cut  is  made  by  a  motion  of  the  tool;  such  as  drilling,  boring, 
slotting,  and  shaping.  The  speed  of  the  cutting  motion  has  been 
already  mentioned  in  Article  482,  page  567. 

The  transverse  feed  motion  takes  place  parallel  to  the  face  of  the 
-work,  and  at  right  angles  to  the  cutting  motion :  it  is  that  motioo 
by  which  the  tool  is  made  to  shift  its  position  relatively  to  the 
work,  so  as  to  make  a  series  of  parallel  cuts  side  by  side,  leaving  a 
series  of  strips  or  bands  which  compose  a  surface  of  any  required 
extent.  It  is  sometimes  continuous,  and  sometimes  intermittent. 
The  general  nature  of  transverse  feed  motions  has  already  been 
described  in  Article  258,  page  293. 

The  rate  at  which  the  traversing  motion  takes  place  in  paring  a 
continuous  surface  depends  on  the  breadth  of  the  cut;  which,  in 
iron,  ranges  from  0*01  to  0*05  inch  (  =  from  0*25  to  1  -25  millimetre). 
In  screw-cutting,  the  traverse  at  each  revolution  is  equal  to  the 
pitch  of  the  screw. 

The  advancing  feed-motion  is  that  by  which,  after  a  certain  depth 
of  material  has  been  cut  away  from  the  face  of  the  work,  the  tool  is 
advanced  so  as  to  cut  away  an  additional  depth.  This  is  very 
often  an  intermittent  motion;  and  in  turning  and  planing  ma- 
chines it  is  usually  an  adjustment,  made  from  time  to  time  by 
hand.  Its  extent,  at  each  adjustment,  is  equal  to  the  depth  of  the 
cut;  which,  in  iron,  ranges  from  the  smallest  appreciable  quantity 
up  to  0*75  inch  (=19  millimetres)  in  ordinary  cases. 

486.   making    Ruled     Sarfacea — Planing — Slotting— Shaping. — A 

ruled  surface  is  one  in  which  every  point  is  traversed  by  a  straight 
line  lying  wholly  in  the  surface.  Such  a  straight  line  is  called  a 
generating  line  of  the  surface  ;  and  the  8  u  if  ace  may  be  regarded  as 
generated  by  the  motion  of  the  straight  line.  A  ruled  surface  may 
be  cut  to  any  required  degree  of  precision,  by  the  successive  strokes 
of  a  tool,  each  stroke  being  made  along  a  straight  generating  line 
of  the  surface. 

The  class  of  ruled  surfaces  comprehends  the  following  different 
kinds,  amongst  others : — 

I.  All  straiglU  surfaces:  that  is,  surfaces  in  which  tho  straight 
generating  lines  are  all  parallel  to  each  other.  Such  surfaces  may 
be  either  plane  or  cylindrical;  the  term  cylindrical  surfaces  em- 
bracing not  only  those  whose  transverse  sections  are  circular,  but 
those  whose  transverse  sections  are  curves  of  any  figure,  such  as 
the  acting  surfaces  of  the  teeth  of  spur-wheels  (Article  130,  ]>age 
120).  It  has  already  been  stated,  in  Article  38,  page  17,  that  the 
bearing  surfaces  of  sliding  primary  pieces  must  all  be  straight. 
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II.  All  conical  surfaces :  that  is,  surfaces  in  which  the  straight 
generating  lines  all  pass  through  one  point.  The  transrene 
sections  of  such  a  surface  may  be  circular,  as  in  the  pitch-cone  oft 
circular  bevel  wheel  (Article  105,  page  86);  or  they  may  be  no* 
circular  curves,  as  in  the  acting  surfaces  of  the  teeth  of  such  t 
wheel  (Article  144,  page  143). 

III.  Hyperboloidal  or  ttkew-bevd  surfaces:  in  which  the  straight 
generating  linos,  not  intersecting  in  one  point,  traverse  a  series  of 
similar  transverse  sections  of  the  surface.  Such  transverse  sections 
may  be  circular,  as  in  the  pitch-surface  of  a  circular  skew-bevel 
wheel  (Article  106,  page  87);  or  non-circular,  as  in  the  acting 
surfaces  of  skew-bevel  teeth  (Article  145,  page  146). 

The  Planing  Machine  cuts  straight  surfaces  of  all  kinds;  and 
is  used  especially  for  the  cutting  of  plane  surfaces  to  a  certain 
degree  of  approximation ;  that  is  to  say,  the  longitudinal  straight- 
7ie88  of  the  surface  is  perfect;  but  the  transverse  straightness  is 
approximate.  In  a  planing  machine  of  ordinary  construction, 
there  is  a  fixed  horizontal  bed,  very  strongly  and  stiffly  supported : 
its  essential  parts  being  a  pair  of  most  accurately  made  straight, 
parallel,  horizontal  guides,  of  a  V-shape  in  cross-section.  In  those 
guides  there  slides  a  pair  of  straight,  parallel,  horizontal,  triangular 
bars,  forming  the  supports  of  a  stiff  and  strong  horizontal  table, 
having  in  it  several  8lots  or  oblong  openings,  for  the  purpose  of 
enabling  the  work  to  be  secured  to  it.  From  the  two  sides  of  the 
bed  rise  a  pair  of  standards,  carryiug  a  straight  horizontal  saddle 
that  bridges  across  the  table.  The  saddle,  by  means  of  straight 
horizontal  guides,  supports  the  tool-holder,  which  has  a  transverse 
traversing  motion.  The  sliding  surfaces  of  the  saddle  and  tool- 
holder  are  usually  of  a  dove-tail  shape  in  cross-section. 

The  cutting  action  is  effected  by  a  longitudinal  motion  of  the 
table  carrying  the  work:  the  gearing  which  communicates  that 
motion  ought  to  be  extremely  smooth  and  accurate  iu  its  action; 
such  as  the  rack  and  helical  pinion  described  at  page  269  ;  and  the 
pitch-point  of  the  rack  and  pinion  ought  to  be  as  directly  as  possible 
below  the  cutting  tool.    As  to  the  speed,  see  Article  482,  page  567. 

During  the  return  stroke,  the  tool  is  lifted  clear  of  the  work, 
and  the  motion  of  the  rack  and  pinion  is  reversed  by  means  of  self- 
acting  reversing  gear;  such,  for  example,  as  that  mentioned  iu 
Article  264,  page  21ii);  and  the  train  of  wheel  work  which  produces 
the  return  stroke  is  so  proportioned  as  to  give  an  increased  speed 
of  motion  to  the  table,  usually  about  double  that  of  the  cutting 
stroke. 

The  transverse  traversing  motion  of  the  tool-holder  is  inter- 
mittent, being  made  during  the  return  stroke  of  the  table.  The 
combination  which  directly  produces  it  is  usually  a  transverse 
horizontal  screw  driving  u  nut  that  is  fixed  to  the  tool-holder. 
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The  screw  is  driven  by  a  suitable  train  of  wheelwork,  the  first  wheel 
of  which  is  driven  by  a  click,  usually  of  the  reversible  kind 
(Article  194,  page  207).  The  extent  of  traverse  after  each  cutting 
stroke  can  be  regulated  by  the  help  of  adjustments  of  length  of 
stroke  (Article  273,  page  312),  or  of  change-wheels  (Article  271, 
page  311). 

In  some  large  planing  machines  for  very  heavy  work,  the 
catting  stroke  is  effected  by  a  longitudinal  motion  of  a  strong 
frame  carrying  the  saddle  and  the  tool-holder;  the  table  with  the 
work  being  at  rest. 

For  cutting  straight  surfaces  of  more  or  less  complex  cross-section, 
and  especially  for  cutting  straight  grooves  and  straight  rectangular 
holes,  such  as  key-ways  and  slots,  the  slotting-machine  is  used. 
In  this  machine  the  tool-holder  or  cutter-bar  usually  slides  verti- 
cally in  a  guiding  groove  in  the  slide-head,  which  is  carried  by  a 
strong  overhanging  frame.  Below  the  slide-head  is  a  table  to 
which  the  work  is  secured,  capable  of  being  turned  about  a  vertical 
axis,  and  traversed  horizontally  in  two  rectangular  directions,  so 
as  to  bring  the  work  into  any  required  position  relatively  to  the 
cutting-tool. 

A  shaping  machine  differs  from  a  slotting  machine  mainly  in 
having  a  slide-head  that  is  capable  of  being  turned  into  different 
positions,  so  as  to  cause  the  tool  to  make  strokes  in  different  direc- 
tions when  required.  It  is  used  for  cutting  ruled  surfaces  of 
various  kinds.  Circular  cutters  (page  568),  driven  by  suitable 
shifting  trains  (Article  228,  page  235),  are  sometimes  used  in 
shaping  machines. 

487.  Scraping  Plane  Surface*. — When  the  highest  practicable 
degree  of  accuracy  is  required  in  a  plane  surface,  its  form  may 
in  the  first  place  be  given  approximately  by  the  planing  machine, 
but  it  must  be  finished  by  the  hand-scraper.  Scrapers  for  iron  are 
usually  made  of  very  hard  steel,  with  edges  of  60°. 

When  an  existing  standard  plane  surface  (or  planometer,  as  it 
is  sometimes  called)  is  available,  it  is  smeared  with  a  very  thin 
coating  of  a  mixture  of  red  chalk  and  oil.  The  new  plane,  in  its 
approximate  condition,  is  laid  face  to  face  on  the  standard  plane, 
and  gently  rubbed  on  it.  The  prominent  places  on  the  new  plane 
pick  up  the  colouring  matter,  and  are  marked  by  it;  and  thus  the 
workman  is  guided  to  the  parts  that  require  scraping  down.  The 
process  is  repeated  again  and  again  until  the  new  plane  fits  the 
standard  plane  with  the  required  degree  of  precision. 

In  the  absence  of  a  standard  plane,  three  approximately  plane  cast- 
iron  plates  are  made,  stiffened  at  the  back  by  ribs.  One  pair  of 
those  are  taken  in  the  first  place ;  and  one  of  them  being  smeared 
with  a  suitable  mixture,  they  are  repeatedly  rubbed  together,  so 
as  to  mark   the   prominent  places,  and  both  are  scranod^  untiL 
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they  fit  each  other  with  a  certain  degree  of  accuracy.  At  thk 
stage  of  the  process,  they  may  be  both  plane;  or  both  spherical,  aid 
of  the  same  radius,  one  being  convex  and  the  other  concave.  Then 
the  two  plates  first  taken  are  compared  in  succession  with  the  third 
plate,  and  the  operations  of  rubbing  and  scraping  repeated,  with 
the  plates  combined  by  pairs  in  every  possible  way,  until  all  three 
plates  accurately  fit  each  other  in  every  combination  and  position; 
when  they  must  necessarily  be  truly  plane.  This  is  the  process  by 
which  standard  planes  are  made;  and  when  a  set  of  three  have  been 
made,  it  is  usual  to  reserve  one  of  them  very  carefully  for  testing 
from  time  to  time  the  accuracy  of  the  other  two,  which  are  em- 
ployed as  standards  of  planeness  and  straightness  for  ordinary  use. 

488.    making    Surface*    of   Berolatloa  —  Tarnlng,    Drilling,    mmi 

Boring. — A  turning-lathe  usually  contains  the  following  principal 
parts.  The  bed,  truly  plane  and  horizontal.  The  liead-stocks,  or 
supports  for  the  axis  of  rotation  of  the  work;  one  fixed,  and 
the  other  capable  of  being  shifted  longitudinally  on  the  bed 
to  a  greater  or  less  distance  from  the  fixed  headstock,  so  as  to 
suit  the  size  of  the  work.  The  saddle,  which  slides  longitudinally 
ou  the  bed,  carrying  the  rest,  which  carries  the  tool-holder.  The 
rest  has  longitudinal  and  transverse  traversing  motions,  usually 
produced  by  means  of  screws  and  nuts,  acting  on  slides  with  dove- 
tail-shaped straight  bearing  surfaces;  the  position  of  the  tool-holder 
is  adjustable  vertically  and  horizontally. 

The  longitudinal  traversing  motion  of  the  saddle  is  sometimes 
produced  by  a  pinion  driving  a  rack,  like  the  motion  of  the  table 
in  a  planing  machine,  and  sometimes  by  a  strong  and  very 
accurately  made  screw,  extending  the  whole  length  of  the  bed ;  the 
latter  method  is  used  in  screw-cutting  lathes.  Many  lathes  are 
provided  both  with  a  guide-screw  and  with  a  rack-and-pinion 
motion  for  traversing,  either  of  which  can  be  used  at  pleasure. 
The  guide-screw  is  commonly  reserved  for  screw-cutting,  and  the 
rack  and  pinion  used  for  ordinary  purposes. 

The  moveable  headstock  carries  the  screw-spindle,  which  does 
not  rotate,  but  can  be  slid  back  and  forward  by  means  of  a  screw, 
in  order  to  adjust  the  position  of  its  point,  which  forms  one  of  the 
supports  of  the  work.  The  fixed  or  fast  headstock  carries  the 
latiiespindle,  which  is  a  rotating  horizontal  shaft,  driven  at  a 
proper  speed  by  means  of  a  suitable  belt  and  pulleys;  the  speed  is 
capable  of  adjustment  by  means  of  speed-cones,  usually  of  the 
stepped  kind  described  in  Article  171,  page  185. 

The  journals  of  the  lathe-spindle  are  in  most  cases  made  slightly 
conical,  and  are  tightened  in  their  bearings,  when  required,  by 
means  of  screws  acting  endwise. 

The  ends  of  both  spindles  project  inwards  from  the  headstocks: 
they  are  capable  of  being  fitted  with  various  contrivances  for 
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supporting  and  holding  the  work.  The  screw-spindle  usually,  and 
the  lathe-spindle  sometimes,  is  fitted  with  a  conical  point  of  steel 
called  a  centre,  the  angle  at  the  point  ranging  from  60°  for  wood, 
to  80°  or  90°  for  metal ;  such  points  support  the  work  and  keep  it 
truly  centred  on  the  axis  of  rotation.  The  lathe-spindle  can  also 
be  fitted  with  chucks  of  different  sorts;  being  discs  provided  with 
holes,  pins,  and  other  means  of  holding  the  work,  and  causing 
it  to  rotate  along  with  the  lathe-spindle;  or  with  a  mandril  or 
cylindrical  continuation  of  the  spindle,  on  which  wheels  and 
pulleys,  and  other  pieces  of  work  having  eyes  in  their  centres,  can 
be  keyed  for  the  purpose  of  being  turned. 

A  chuck  in  the  form  of  a  large  circular  disc  is  called  a,  face-plate. 
Some  lathes  have  face-plates  on  both  spindles ;  and  then  the  two 
spindles  are  driven  at  the  same  speed,  by  means  of  two  pinions  on 
one  shaft,  gearing  with  teeth  on  the  rims  of  the  face-plates. 

The  greatest  radius  of  the  work  which  can  be  turned  iu  a  given 
lathe  is  limited  by  the  height  of  the  axis  of  rotation  above  the  bed ; 
and  the  lathe  is  described  as  a  "  twelve-inch  lathe,"  a  "  twenty-four- 
inch  lathe,"  Ac.,  according  to  that  height 

The  tool -holder  is  adjusted  so  that  the  point  or  cutting  part  of 
the  tool  is  exactly  in  a  horizontal  plane  traversing  the  axis  of  rotation. 
The  direction  of  rotation  is  such  that  the  surface  of  the  work  moves 
downwards  at  the  point  of  the  tool,  which  accordingly  cuts  upwards. 

The  screws  and  nuts,  or  the  pinions  and  racks,  by  which  the 
traversing  motions  of  the  tool-holder  are  produced,  are  driven 
from  the  lathe-spindle  through  trains  containing  cfiange-wlteels 
(Article  271,  page  311);  and  by  means  of  these  the  velocity-ratio 
and  directional-relation  of  the  cutting  motion  and  of  the  traversing 
motion  can  be  adjusted  so  as  to  produce  the  required  resultant  or 
aggregate  relative  motion.  As  to  the  rate  of  traverse  per  revolu- 
tion, see  Article  485,  page  569. 

When  the  word  traversing  is  used  without  qualification,  it  gener- 
ally means  that  the  tool  traverses  in  a  direction  parallel  to  the  axis 
of  the  lathe,  so  as  to  turn  a  cylindrical  surface.  When  the  tool  is 
made  to  move  in  the  direction  of  a  radius  perpendicular  to  the 
axis,  it  turns  a  plane  surface ;  and  the  process  is  called  surfacing. 
This  is  very  often  the  means  used  of  making  a  plane  approximately, 
previous  to  correcting  it  by  scraping.  By  combining  those  two 
motions,  so  as  to  make  the  tool  traverse  in  a  straight  line  cutting 
the  axis  obliquely,  a  conical  surface  is  turned.  When  the  poiut  of 
the  tool  is  made  to  traverse  in  a  circle,  one  diameter  of  which 
coincides  with  the  axis,  a  spherical  surface  is  turned.  A  hyper- 
boloidal  surface  might  be  turned  by  making  the  point  of  the  tool 
traverse  along  one  of  its  straight  generating  lines  (see  Article  84, 
page  70 ;  Article  106,  page  87). 

All  the  preceding  operations  are  examples  of  circular  turninq> 
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in  which  the  point  of  the  tool  describes,  relatively  to  the  work,  t 
circle  about  the  axis,  if  the  traversing  motion  be  neglected,  or  a 
helix  or  spiral  of  a  pitch  equal  to  the  traverse  per  revolution,  if 
this  component  of  the  motion  be  taken  into  account.  In  eccentric 
turning,  the  point  is  made  to  describe,  relatively  to  the  work, 
paths  of  various  other  kinds,  such  as  eccentric  circles,  ellipses,  epi- 
cycloids, and  arbitrary  curves  of  various  sorts.  Such  aggregate 
jxU/is  are  produced,  sometimes  by  epicyclic  trains  carried  by  the 
chuck  which  holds  the  work,  as  in  the  eccentric  chuck,  elliptic  chuck, 
and  geometric  cfiuck;  sometimes  by  the  action  of  cams  or  shaper- 
plates  on  the  tool-holder.  The  actions  of  such  combinations  have 
been  treated  of  in  Part  I.,  Chapter  V.,  Section  IV.,  pages  261  to 
267;  and  in  the  Addenda,  pages  290,  291. 

Drilling  and  Boring  may  be  looked  upon  as  modifications  of 
turning,  applied  to  the  making  of  concave  surfaces  of  revolution, 
and  especially  of  hollow  cylinders.  The  word  boring  is  often 
applied  to  both  processes;  but  when  drilling  and  boring  are  dis- 
tinguished from  each  other,  drilling  means  the  making  of  a 
cylindrical  hole  by  a  tool  which  advances  endways,  cutting 
shavings  from  the  flat  or  conical  bottom  of  the  hole  (see  fig.  287) ; 
and  boring,  the  enlarging  and  correcting  of  a  hollow  cylindrical  sur- 
face already  made;  such  as  that  of  a  cast-iron  steam-engine  cylinder. 

In  drilling,  the  tool  or  drill  usually  rotates  about  a  vertical 
axis;  and  it  is  very  often  driven  by  a  shifting  train,  carried  by  a 
jib  or  train-arm.  (As  to  shifting  trains,  see  Article  228,  pages  235 
to  238.)  This  is  in  order  that  the  position  of  the  drill  may  be 
shitted  to  various  parts  of  the  work.  The  train-arm  or  jib  projects 
horizontally  from  a  strong  hollow  standard,  containing  the  vertical 
shaft  that  drives  the  shifting  train.  The  work  is  supported  by  a 
table,  which  is  often  made  so  as  to  be  capable  of  being  turned 
about  a  vertical  axis,  and  shifted  horizontally  on  slides  in  two 
rectangular  directions,  in  order  to  bring  different  points  in  the 
work  below  the  drill. 

The  feed-motion  is  given  sometimes  by  gradually  lowering  the 
drill,  sometimes  by  gradually  raising  the  table. 

In  a  multiple  drilling  machine  (used  for  making  rows  of  holes  in 
iron  plates)  a  set  of  drills  are  driven  from  one  shaft  by  means  of 
skew-bevel  pinions  or  other  suitable  mechanism.  The  feed  motion  is 
given  by  raising  the  table.    The  forms  of  drilling  tools  are  very  various. 

In  a  boring  machine,  the  inner  surface  of  a  hollow  cylinder  is 
pared  by  means  of  one  or  more  tools  carried  by  a  cutter-bar  or 
cutter-head;  being  a  cylinder  a  little  smaller  than  the  hollow 
cylinder  to  be  bored.  When  the  work  is  a  very  large  cylinder,  it 
is  usually  fixed;  and  the  rotation  and  traversing  motion  are  both 
given  to  the  cutter  head. 

489.  Screw-Cauls* — The  operation  of  cutting  screws  is  per- 
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formed  in  a  lathe;  the  work  rotates,  and  the  tool-holder  is  made 
to  traverse  longitudinally  by  means  of  tho  guide-screw,  already 
mentioned  at  page  572.  The  nut  by  means  of  which  the  guide- 
screw  diives  the  saddle  is  a  clasp-nut  (see  Addenda,  page  576): 
which  can  be  thrown  into  or  out  of  gear  with  the  guide-screw 
when  required.  The  guide-screw  is  made  with  great  care  and 
precision.  An  ordinary  value  of  its  pitch  is  half  an  inch.  The 
velocity-ratio  and  directional-relation  of  the  motions  of  the  guide- 
screw  and  of  the  lathe-spindle  are  adjusted  by  means  of  change- 
wheels  to  the  pitch  and  direction  of  the  screw  to  be  cut,  according 
to  the  following  principles. 

T     Speed  of  Rotation  of  Guide-Screw    __   Pitch  of  New  Screw 
Speed  of  Rotation  of  Lathe-Spindle  "~~  Pitch  of  Guide-Screw* 

II.  The  direction,  right  or  left-handed,  of  the  new  screw,  is 
similar  or  contrary  to  that  of  the  guide-screw,  according  as  the 
directions  of  rotation  of  the  guide-screw  and  of  the  lathe-spindle 
are  similar  or  contrary. 

490.  Wheel-Cutting. — A  wheel-cutting  machine,  for  shaping  the 
teeth  of  wheels,  may  be  regarded  as  a  special  form  of  the  shaping 
machine,  in  some  cases  combined  with  the  turning  lathe.  The 
wheel  to  be  cut  is  fixed  on  mandrils  cariied  at  the  end  of  a  rotating 
spindle,  mounted  on  a  head-stock.  Sometimes  that  spindle  acts, 
as  a  lathe-spindle,  while  the  wheel  is  being  turned.  When  the 
pitching  and  tooth-cutting  are  to  be  begun,  a  large  worm-wheel, 
permanently  fixed  on  the  spindle,  is  made  to  gear  with  a  tangent 
screw,  by  means  of  which  it  is  successively  turned  through  a  series, 
of  angles,  each  equal  to  the  pitch-angle;  first,  for  the  purpose  of 
pitching  the  wheel,  or  marking  the  pitch-points  of  the  teeth  on  the 
pitch-circle,  and  then  for  the  purpose  of  changing  the  position  of 
the  wheel  after  each  tooth  has  been  cut,  preparatory  to  cutting  the 
next  tooth.  The  figures  of  the  teeth  are  given  approximately  by 
casting,  and  finished  by  cutting. 

Each  stroke  of  the  cutter  is  guided  so  as  to  take  place  along  a 
straight  line.  In  spur-wheels  that  straight  line  is  parallel  to  the 
axis;  in  bevel  wheels,  it  traverses  the  apex  of  the  pitch-cone;  in 
skew-bevel  wheels,  it  is  a  generating  line  of  the  hyperboloidal 
surfaces  of  the  teeth.  When  a  single  cutter  is  used,  the  slide  in 
which  it  works  is  guided  into  the  proper  positions  for  the  suc- 
cessive strokes  by  a  templet  shaped  like  a  tooth  or  like  the  space 
between  two  teeth.  In  cutting  the  teeth  of  spur-wheels,  a  rotating 
circular  cutter  is  used ;  and  the  form  of  the  cutting  edges  of  its 
teeth  is  the  counterpart  of  that  of  the  space  between  two  teeth. 

The  cutting  of  worm-wheels  by  means  of  a  rotating  cutter  which 
is  a  copy  of  the  screw  that  is  to  gear  with  the  wheel,  has  already 
been  mentioned  in  Article  157,  page  166. 
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Addendum  to  Article  263,  Page  298. 

Claap«Nuf. — Io  certain  machine-tools,  the  traversing  motion  of  the  tool- 
holder  is  produced  by  a  screw  which  rotates  about  a  fixed  axis,  and  drives 
longitudinally  (as  described  in  Article  152,  page  157)  a  nnt  that  fits  it  truly, 
without  pinching  it.  That  nnt  is  made  in  two  halves,  capable  of  bang 
clasped  round  the  screw  or  unclasped,  according  as  the  combination  is  to  bt 
thrown  into  or  out  of  gear.  When  the  combination  is  about  to  be  throw* 
into  gear,  either  the  nut  or  the  screw  must,  if  required,  be  shifted  longi- 
tudinally, so  as  to  bring  the  threads  of  the  one  opposite  to  the  groove!  of 
the  other. 

Addendum  to  Table  V.,  Page  482. 

Streagih  and  Elasticity  of  Silk  and  Flax. — 


Flaxen 
Yarn  in  Canvas. 

from  52,000  to  59,000 
from  15,900  to  18,000 


Silken  Flaxen 

Thread.        Thread. 

Ultimate  tenacity — 

In  lineal  feet  of  material,     120,000      95,000 

In  metres, 36,600      29,000 

Modulus  of  elasticity — 

In  lineal  feet  of  material,  3,000,000 

In  metres, 914,400 

Addendum  to  Article  465,  Page  547;  and  Article  466, 

Page  549. 

Braced  Shaft. — The  description  given  in  Article  459,  page  539,  of  a 
braced  connecting-rod.  applies  also  to  the  general  construction  of  a  braced 
shaft.  The  object  of  that  construction  is  to  diminish  the  deflection  and  the 
bending  stress  of  a  shaft  of  long  span,  through  the  support  given  to  the  shaft 
at  the  middle  of  the  span  by  the  bracing.  The  following  is  the  easiest  way 
of  computing  the  dimensions :— The  diameter  of  the  shaft,  h9  is  to  be  calcu- 
lated so  as  to  l>ear  safely  the  twisting  moment,  combined  with  a  bending 
moment  due  to  half  the  actual  span.  I  vet  c  be  that  half -span ;  and  y  the 
length  of  one  of  the  arms  of  the  bracing  cross,  which  is  to  be  fixed  according 

to  convenience.     Let      l>e  the  safe  working  tension  of  the  bracing  rods,  in 

length  of  themselves  ;  say,  3,000  feet,  or  900  metres.  Let  d  be  the  proper 
diameter  for  a  tension-rod.  Then  the  pro(>er  ratio  for  the  diameter  of  each 
of  the  four  tension-rods  to  the  diameter  of  the  shaft  is  given  by  the  following 
formula : — 

2trc* 

d 

h 


The  tension-rods  should  be  tightened  by  means  of  screws  just  sufficiently  to 
prevent  any  perceptible  slackness  of  the  rods  which  successively  come  upper- 
most as  the  shaft  rotates. 


Additional  Authorities. 


Dtxamics  of  MAcmNKfl:— Vlos*\ey%B  Mechanics  of  Engineering. 

Construction  ok  Machines:— D.  K.  Clark  On  the  txiiMed  Machinery  of  1862  (especially 
Part  III.,  pages  128  to  210). 
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Addenda  to  Section  viil,  Page  221. 

The  Accumulator. — The  application  of  hydraulic  power  has  been  much 
extended  of  late  yean,  and  especially  with  reference  to  machine  tools.  Machines  for 
rivetting,  punching,  and  shearing  iron  plates,  are  now  being  worked  by  water- 
pressure.  Heavy  loads,  such  as  swing  bridges,  cranes,  hoists,  &c ,  are  also  readily 
moved  by  hydraulic  machinery. 

The  pressures  used  are  very  high,  and,  to  obtain  these,  recourse  is  had  to  an 
"accumulator."  The  accumulator  is  on  the  principle  of  the  hydraulic  press,  viz. — 
a  movable  weighted  plunger,  raised  by  the  action  of  force-pumps.  The  movable 
part  can  be  loaded  with  what  weights  are  necessary,  and  raised  by  the  pressure  of 
the  water  forced  into  the  cylinder  in  which  the  plunger  works :  the  pressure  of  the 
water  will  then  correspond  to  the  load  which  it  supports.  By  means  of  a  separate 
pipe  leading  to  another  plunger  or  piston  connected  with,  say,  the  die  of  a  rivetting 
machine,  hydraulic  connection  is  maintained  with  the  cylinder,  and  thus,  when  the 
stroke  of  the  die  is  made,  a  corresponding  fall  of  the  weighted  part  also  takes  place, 
whereby  a  sudden  expenditure  of  the  work  previously  accumulated  is  brought  about 
Variations  in  pressure  and  lengths  of  stroke  are  necessary  for  different  operations  -t 
in  rivetting  machines,  however,  a  load  of  5  tons,  having  a  fall  of  about  2  feet, 
under  a  pump  pressure  of  1,500  lbs.  per  square  inch,  is  sufficient  with  a  travel  of 
die  of  24  inches  to  close  up  a  rivet,  the  final  pressure  on  the  die  being  about  40  tons. 

Hydraulic  Kan. — By  means  of  the  hydraulic  ram,  water  at  a  low  head  may 
be  made  available  for  raising  a  portion  of  the  same  water  to  a  higher  level  than  the 
supply. 

The  action  of  this  machine  depends  upon  utilising  part  of  the  energy  of  the  supply- 
water  in  closing  a  heavy  clack-valve,  and  in  compressing  air  in  air-vessels  connected 
by  clack-valves.  During  this  process  a  loss  of  water  takes  place,  as  the  closing  of 
the  heavy  clack-valve  is  dependent  upon  the  increased  velocity  of  flow  due  to  this 
waste.  When  the  valve  shuts,  the  outflow  is  stopped,  and  the  energy  of  the  water 
is  now  spent  in  compressing  the  air  in  the  air-vessels,  by  which  means  part  of  the 
water  is  forced  upwards  through  the  delivery-pipe.  As  the  velocity  of  the  water 
has  now  been  reduced,  the  heavy  clack-valve  falls,  and  the  process  is  repeated. 

As  the  efficiency  of  such  a  machine  will  be  the  useful  work  performed  in  raising 
the  water  above  the  reservoir,  divided  by  the  work  due  to  the  mil  of  the  water  run 

to  waste,  the  ratio  Xtt  w^  represent  the  efficiency,  where  H  =  fall  from  reservoir 

to  ram,  h  =  height  of  deliver)*  above  reservoir,  Q  =■  quantity  run  to  waste, 
(j  =  quantity  delivered.  The  results  as  to  efficiency  differ  considerably,  depend- 
ing on  mechanism,  and  proportion  of  height  of  fall  and  height  of  delivery;  the  best 
results  appearing  to  be  obtained  when  the  proportion  is  as  1  :  10  j  the  efficiency  so 

*6  O  H 
obtained  will  be  about  '6,  and  consequently  q  =»  — -*— . 

Addendum  to  Article  262,  Page  297. 

Dloengagcnenta  acting  by  Boiling  Contact. — In  fig.  213,  the  radii  A  D 
and  B  £  of  the  two  smooth  wheels  to  be  connected  are  equal  *  but  those  radii  may,  if 
required,  be  made  unequal,  the  essential  condition  of  the  proper  working  of  the  combi- 
nation being  that  the  angle,  A  C  B,  made  at  the  centre  of  the  intermediate  wheel  by  the 
two  lines  of  centres,  should  be  a  little  less  than  twice  the  complement  of  the  angle  of 
repose.     (See  page  298.) 
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Addendum  to  Article  353,  Page  402. 

Cemtlsmoas  Brake*. — Continuous  brakes  are  now  largely  in  use  on  railway 
lines,  and  greatly  facilitate  the  rapid  stoppage  of  the  trains  through  the  application 
of  the  brake  resistance  to  the  wheels  of  the  engine  and  to  the  wheels  of  the  carriages 
composing  the  train.  Various  forms  of  such  brakes  have  been  tried ;  the  method 
most  in  favour  being  that  in  which,  through  air  pressure  acting  on  suitable 
mechanism  under  each  carriage,  the  brake  blocks  may  be  applied  with  rapidity  to 
the  wheels.  The  air  is  subjected  to  pressure  by  a  pump  on  the  engine,  and  conveyed 
by  a  flexible  and  easily  jointed  pipe  to  the  points  of  application.  From  some  recent 
experiments  it  appears  that  the  greatest  retarding  force  is  obtained  when  the  wheals 
are  not  skidded,  but  just  on  the  point  of  being  skidded. 

Addendum  to  Article  392,  Page  457. 

Sleet — Steel  is  now  being  largely  used  for  engineering  purposes,  such  as  rails, 
ship  and  boiler  plates,  &c.  This  steel,  as  at  present  manufactured,  has  a  tensile 
strength  of  about  28  tons  per  square  Inch,  with  an  elongation  of  from  20  to  25  per 
sent  on  a  length  of  8  inches ;  strips  cut  from  plates,  heated  to  a  cherry-red,  and 
cooled  in  water  at  80°  Fahr.,  can  be  bent  double  without  breaking.  Steel  wire 
appears  to  have  a  tensile  strength  of  from  80  to  100  tons  per  square  inch. 

Since  the  safe  working  strength  of  plate  steel  is  now  recognised  as  equal  to  64 
tons  per  square  inch,  it  may  be  expected  to  enter  largely  into  the  construction  of 
bridges  of  large  span,  as  a  considerable  saving  of  weight  is  obtained. 

In  the  case  of  boilers  subjected  to  high  pressures,  steel  may  be  used  with  much 
advantage,  as  a  reduction  in  thickness  of  the  plates  may  be  effected,  allowing  of  a 
more  uniform  distribution  of  the  strain  due  to  internal  pressure;  the  thinner  plate 
will  also  more  readily  transmit  heat. 

Addendum  to  Article  397,  Page  4G3. 

Phosphor  Bronze. — This  metal,  an  alloy  of  copper,  tin,  and  phosphorus,  is 
found  to  possess  a  high  tensile  strength  and  great  endurance  as  regards  wear,  and  is 
being  used  principally  for  bearings  and  machinery. 

The  various  strengths  of  this  metal  appear  to  vary  greatly  according  to  the  pro- 
portions of  materials  used,  hence  different  alloys  are  employed  for  different  classes  of 
work;  the  range  of  ultimate  tensile  strength  being  from  22,000  lbs.  to  57,000  lbs. 
per  square  inch,  whilst  the  ultimate  compressive  strength  varies  from  about  21,500 
lbs.  to  45,000  lbs.  per  square  inch. 

It  also  appears  that  wire  made  of  this  metal  possesses  the  quality  of  high  tensile 
strength. 

IHanganene  Bronze. — The  strength  and  freedom  from  corrosion  of  manganese 
bronze  constitute  it  an  excellent  material  for  screw  propellers,  as  blades  of  lighter 
section  can  be  used  than  are  required  for  steel. 

The  transverse  strength  appears  to  be  about  double  that  of  gun-metal  and  steel, 
and  its  tensile  strength  varies  from  24  to  40  tons  per  square  inch. 

Article  309,  Page  348. 

From  experiments  made  by  Capt.  Douglas  Galton,  C.B.,  F.R.S.,  on  the  effect  of 
brakes  upon  railway  trains,  it  appears  that 

(1.)  The  retarding  effect  of  a  wheel  sliding  upon  a  rail  is  not  much  lass  than 
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braked  with  such  a  force  as  would  jast  allow  it  to  continue  to  revolve,  the  distj 
due  to  friction  of  the  wheel  on  the  rail  being  only  about  J  of  the  friction  between  the 
wheel  and  the  brake  blocks. 

(2.)  The  coefficient  of  friction  between  the  brake  blocks  and  the  wheels  varies 
inversely  according  to  the  speed  of  the  train ;  thus,  with  cast-iron  brake  blocks  om 
steel  tires,  the  coefficient  of  friction  when  just  moving  was  *330, 


At  10  miles 
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hour 

•242 

„  20    „ 

t» 

192 

„  30    „ 

}» 

164 

M    ^O       ,, 

$$ 

•140 

„  50    „ 

*» 

116 

„  60    „ 

»» 

•074 

Further,  it  was  found  that  this  coefficient  was  affected  by  time;  thus, 
27  miles  per  hour,  the  coefficient  was  *171*  after  5  sees.  '130,  after  10  sees.  Tld, 
after  15  sees.  *081,  and  after  20  sees.  *072;  at  47  miles  per  hour  the  coefficient  at 
starting  was  -132,  falling  after  10  sees,  to  *070;  and  at  60  miles  per  hour  falling 
from  -072  to  *058. 

These  coefficients  are  further  influenced  by  material  and  weather.  It  was  found 
that  the  distance  run  by  a  train  on  the  level  at  50  miles  per  hour  varied  with  the 
percentage  of  the  total  weight  of  train  used  for  retardation,  as  follows — with  5  per 
cent.  555}  yd*.,  10  percent  27 7 §  yds.,  20  per  cent  139  yds.,  30  per  cent.  92}  yds. 

The  author  points  out,  among  other  conditions,  that  a  perfect  continuous  brake 
should  be  fitted  to  act  upon  all  the  wheels  of  engine  and  carriages ;  that  it  should 
exert  upon  the  brakes  of  each  pair  of  wheels  within  two  seconds  a  force  of  about 
twice  the  load  on  these  wheels  ;  that  the  brake-block  pressure  should  be  such  that  the 
friction  between  the  block  and  wheel  may  not  be  greater  than  the  adhesion  between 
the  wheel  and  the  rail ;  and  that  the  action  should  be  automatic,  in  the  event  of  a 
separation  of  the  train  or  failure  of  connections. 


Article  359,  Page  410. 

Governors. — Amongst  various  forms  of  marine  engine  governors,  Dunlop's 
pneumatic  governor  has  been  found  very  serviceable  for  compound  marine  engines. 
In  this  governor  the  controlling  power  lies  in  the  level  of  the  water  outside  the 
ship,  as  this  varies  from  time  to  time  with  the  pitching  of  the  vessel.  The  apparatus 
consists  of  an  air  vessel,  which  is  placed  in  communication  with  the  sea  by  a  cock. 
The  air  becoming  compressed,  the  action  is  communicated  to  the  governor,  which 
consists  of  a  casing  containing  an  air-tight  space  in  connection  with  a  pipe,  and 
fitted  with  an  india-subber  diaphragm.  This  diaphragm  as  it  rises  and  falls  (due  to 
the  pressure  of  the  air,  as  acted  upon  by  the  varying  level  of  the  waves)  acta  upon 
a  spring,  which  communicates  with  the  throttle  valve  by  means  of  a  link. 

Feed-water  heater*  are  being  introduced  into  boilers,  with  good  results.  Hie 
principle  upon  which  these  appliances  depend  is  the  delivery  of  the  feed-water  to  the 
boiler  at  a  uniformly  high  temperature,  such  as  200°  F.  and  higher,  and  the  freeing 
of  the  water  from  impurities.  Exhaust  steam  is  used,  and  in  some  cases  live  steam 
from  the  boiler.  The  exhaust  steam  is  passed  into  tubes  surrounded  by  the  feed- 
water  contained  in  a  strong  casing,  and,  after  circulating,  passes  off.  The  water 
receives  so  much  beat  from  the  surfaces  of  the  tubes,  and  is  afterwards  further  heated 
by  a  coil  of  pipes  containing  live  steam.  Any  matter  precipitated  as  a  deposit  Is 
received  in  a  filter  chamber  containing  charcoal,  and  the  water  thus  purified  and 
heated  passes  to  the  boiler. 

Fael  Feeders. — Of  late  years  many  improvements  have  been  made  in  connection 
with  steam  boilers,  with  the  view  of  increasing  the  economy  of  the  fuel,  and  thereby 
rendering  the  boiler  a  more  efficient  steam  generator.   Thftkmdufeto«cctaetafe<&< 
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nay  in  many  cases  be  met  by  careful  firing.  Appliances  known  as  "mechanical 
■token"  have  been  introduced,  whereby  the  fuel  ii  gradually  fed  to  the  furnace  throngs 
a  hopper  arrangement  in  front,  means  being  adopted  to  work  the  coal  to  the  back  of  the 
nimace.  Another  method  of  fuel  feeding  has  been  recently  tried,  in  which  the  eesl 
is  charged  upon  a  movable  truck,  which  is  pushed  inside  the  grate,  and  below  lat 
fire-bars;  the  fresh  coal  is  then  lifted  by  gearing  and  pushed  up  below  the  burniag 
fuel,  and  thus  partially  cokes  before  being  consumed.  Forced  draught  is  need  oa 
board  some  steam-vessels,  such  as  torpedo  boats. 

Article  407,  Page  471. 

Preservation  of  timber,  for  railway  sleepers,  &c,  from  decay  is  attempted  by 
various  processes.  Kyanising  consists  in  the  immersion  of  the  timber  in  a  sdntko 
of  corrosive  sublimate,  in  the  proportion  of  1  part  of  sublimate  to  100  parts  of  water, 
the  wood  being  left  in  the  solution  for  two  days  and  upwards,  according  to  thick- 
ness. In  another  process  chloride  of  zinc  is  used.  Creosoting  consists  in  first  placing 
the  timber  in  a  cylinder  and  applying  superheated  steam,  and  thereafter  establishing 
a  vacuum  in  the  cylinder ;  by  these  operations  the  sap  is  withdrawn ;  thereafter  a 
"dead  oil,"  containing  creosote  heated  to  about  160°,  is  forced  at  a  pressure  of  about 
20  lbs.  into  the  cylinder,  and  fills  up  the  space  from  which  the  sap  has  been  removed. 
This  process,  however,  varies  with  the  condition  of  the  wood  when  used.* 

Fan*. — Ventilation  of  the  workings  in  mines  is  now  usually  accomplished  by 
fans.  Of  these  there  are  various  forms,  some  of  the  pump  order,  and  some  depending 
on  centrifugal  action.  The  Giubal  fan,  belonging  to  the  latter  class,  appears  to  be 
now  largely  used,  and  has  been  described  as  a  "  centrifugal  ventilator,  with  eight  or 
ten  flat  blades  set  backwards  from  the  radius,  encased  with  mason  work,  and  pro- 
vided with  a  regulating  shutter  at  the  discharge  orifice."  Much  additional  advan- 
tage is  obtained  from  the  addition  of  a  short  chimney  or  vertical  outlet  for  the  air, 
having  a  form  enlarging  outwards  to  the  top.  An  efficiency  of  about  00  per  cent  is 
claimed  for  these  fans. 

The  Giubal  fans,  running  about  60  revolutions  per  minute,  with  diameter  of 
30  feet,  give  about  100,000  cubic  feet  of  air  per  minute;  whilst  fans  of  37  feet 
diameter  at  the  same  speed  give  as  much  as  200,000  cubic  feet. 

Where  the  pits  are  very  deep,  furnace-ventilation  is  thought  to  be  fully  more 
^economical  than  fans,  as  much  as  from  150,000  to  200,000  cubic  feet  of  air  per 
minute  having  been  obtained  by  a  single  large  furnace. 

Article  207,  Page  221. 

Hydraulic  Iflnclaincrr. — Hydraulic  machinery  has  now  been  applied  success- 
fully to  the  raising  of  water  from  deep  mines.  In  mines  of  ordinary  depth,  a  steam- 
engine  at  the  surface,  by  means  of  rods  passing  down  the  shaft,  works  a  set  of  rams 
placed  at  different  points  in  the  shaft.  When  the  depth  is  great,  the  weight  of  the 
pump  rods  becomes  excessive,  and  other  methods  have  to  be  adopted. 

Recently,  extensive  hydraulic  arrangements  have  been  carried  out  in  Nevada,  where 
1GO0  galls,  per  minute  had  to  be  raised  from  a  mine  about  2400  feet  deep,  and 
delivered  at  a  point  800  feet  above  the  bottom  of  the  shaft. f 

The  arrangement  consists  of  a  steam-engine,  with  pumps  and  accumulator  at  the 
surface,  which  forces  water  down  to  a  hydraulic  engine  placed  at  the  foot  of  the 
shaft ;  the  latter  acts  upon  pumps  by  which  the  water  is  elevated  to  a  height  of  over 
800  feet. 

•  For  further  information  on  the  preservation  of  timber,  see  Trans.  American  Society  of  Civil 
Engineers.  Vol  XI. 
<  f  Hee  Trans,  ltut.  Engineer*  and  Shipbuilders  in  Scotland,  Vol  XXV. 
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The  steam-engine  on  the  surface  is  compound,  with  a  10- feet  stroke,  the  steam 
pressure  being  80  lbs.  The  high- pressure  cylinder,  35  inches  in  diameter,  is  placed 
before  and  in  line  with  the  low-pressure  cylinder,  of  70  inches  diameter.  The  pumpa 
are  four  in  number,  and  have  84-inch  plunger*,  worked  direct  from  the  cross-head  of 
the  piston  rod.  The  water  is  forced  through  an  8-inch  pipe  to  an  air  vessel  25  inches 
in  diameter  and  70  feet  high,  and  thereafter  down  the  shaft  to  the  hydraulic  engine  at 
bottom.  The  exhaust  water  returns  to  the  surface  through  10-inch  pipes,  to  be  again 
used. 

The  pressure  in  the  air  vessel  is  960  lbs.  per  square  inch,  whilst  the  pressure 
on  the  pipes  at  the  bottom  of  the  shaft  is  about  2000  lbs.  per  square  inch. 

The  underground  machinery  consists  essentially  of  two  hydraulic  engines  fitted  with 
four  plungers,  each  6£  inches  in  diameter,  and  having  a  10 -feet  stroke.  Each  pair 
of  these  plungers  carries  a  second  14-inch  plunger,  which  raises  the  water  to  a  height 
of  about  800  feet  to  the  Sutro  tunnel.  The  inlet  and  outlet  valves  are  so  arranged 
that  the  one  shuts  the  other.     Cast-iron  air  vessels  are  used  and  rubber  valves. 

Hydraulic  machinery  is  now  largely  used  for  engineering  work,  such  as  ri vetting, 
flanging,  punching,  shearing,  &c,  and  for  moving  swing  bridges  and  working 
cranes.  The  pressures  used  vary  from  700  to  1500  lbs.  per  square  inch,  an  accumu- 
lator being  employed. 

Hydraulic  machinery  is  now  also  used  on  board  war  ships  for  loading  the  heavy 
guns,  and  in  some  cases  the  ordinary  gun-carriage  is  done  away  with,  the  guns  simply 
resting  on  blocks,  which  are  free  to  slide  backwards  or  forwards  with  the  motion  of 
the  gun.  Hydraulic  cylinders  are  used  for  checking  the  sliding  motion  due  to  the 
recoil,  and  also  serve  for  placing  the  gun  again  in  position. 


Article  233,  Page  242. 

Hastie's  Differential  Screw-Nut  consists  of  a  nut  having  two  screw  threads  of 
different  pitch.  Thus,  for  fixing  a  piston  to  its  rod,  a  nut  is  used  with  a  screw  cut 
on  the  inside  to  fit  the  thread  on  the  piston  rod.  On  the  outside  of  the  nut  another 
screw  is  cut  of  a  finer  pitch  than  the  internal  thread  (the  difference  in  practice  is 
about  one-tenth).  A  corresponding  thread  to  that  upon  the  outside  of  the  nut  is  cut 
upon  the  piston. 

The  nut  being  first  entered  on  the  piston  rod,  its  outer  thread  is  then  entered  into 
the  piston  block,  and,  being  screwed  home,  draws  the  piston  rod  into  its  place  at  one- 
tenth  part  of  the  speed  of  the  nut  itself.  A  corresponding  power  is  in  this  manner 
obtained  to  make  a  tight  fit 

Any  tendency  to  blip  back  is  also  overcome,  the  angle  of  the  thread  being  very  fine, 
or  equivalent  to  a  screw  having  forty  threads  to  the  inch. 


Article  376,  Page  433. 

Hollow  shafts  of  Whitworth  compressed  steel  are  now  frequently  used  for  the 
propeller  shafts  of  our  large  ocean-going  steamships.  In  some  cases  the  crank  shafts 
are  also  made  hollow.  Considerable  saving  of  weight  is  obtained  by  using  these 
shafts,  as  the  outermost  parts  of  a  shaft  or  axle  are  those  which  give  the  greatest 
resistance  to  the  torsional  action  to  which  they  are  subjected.  When  the  crank  shaft 
is  solid,  it  is  usually  built  up  of  several  pieces — that  is  to  say,  the  cranks  are  shrunk  on 
to  the  crank  pin  and  straight  part  of  the  shaft,  after  being  heated  over  a  fire  to  induce 
the  necessary  expansion.  Great  care  has  to  be  taken  so  that  all  may  be  properly  in 
line.  Solid  crank  shafts  for  engines  of  8000  or  10,000  horse-power  reach  to  26  inches 
diameter. 
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The  diameter  of  a  crank  shaft,  in  terms  of  the  indicated  horse-power,  may  bs 
expressed  as  follows : — 

." ~        100 
a 


*  / IHP- x 


Where  d  *  diameter  of  shaft  in  inches,  and  N  =  number  of  revolutions  per  minute. 

Article  240,  Page  253. 

Valve  Gear  motions.  — Various  forms  of  link  motion  have  been  devised  with 
the  view  of  obtaining  the  necessary  reciprocating  motion  of  the  valve  without  the 
intervention  of  eccentrics.  One  of  these,  known  as  Joy's  valve  gear,  appears  to 
carry  this  out  with  great  precision. 

In  this  arrangement  the  eccentric  is  done  away  with,  and  the  necessary  movement 
obtained  from  the  motion  of  the  connecting  rod  itself. 

Fig.  1  shows  the  application  of  this  arrangement  to  locomotive  engines,  and 
Fig.  2  to  marine  engines  (see  page  583). 

A  link,  L  (see  Fig.  1),  whose  extremities  are  secured  to  the  connecting  rod,  C, 
and  to  a  radius  bar,  B,  has  a  lever,  E,  attached  to  it,  whose  centre  or  fulcrum  works 
in  a  slot,  S,  curved  to  the  radius  of  a  link,  K,  which  connects  the  other  end  of  the 
lever  with  the  valve  spindle,  V. 

The  slot  can  be  turned  or  rotated  so  as  to  incline  on  either  side  of  the  vertical  at 
will.  By  giving  the  slot  these  inclined  positions,  forward  or  backward  motions  of 
the  engine  are  obtained. 

In  some  cases  the  slot  is  dispensed  with,  and  the  fulcrum  of  the  lever  is  carried  by 
a  radius  rod.  The  path  of  the  centre,  or  fulcrum,  in  this  case  can  be  shifted  by  means 
of  a  weigh  lever  and  hand  wheel  (see  Fig.  2). 

One  great  advantage  of  this  form  of  valve  gear,  when  applied  to  locomotives,  is 
that  the  slide-valve  can  be  placed  on  the  top  of  the  cylinder,  and  thus  larger 
cylinders  and  greater  bearing  surfaces  for  the  driving  axles  obtained.  Another 
advantage  appears  to  be  that  it  gives  four  points  of  acceleration  and  four  points  of 
retardation  in  the  stroke,  these  points  of  acceleration  corresponding  to  the  points  of 
"admission"  and  of  "cut-off  ;"  and  by  this  peculiarity  not  only  is  the  admission 
and  the  cutoff  executed  very  much  more  smartly  than  by  link,  but  the  "release" 
occurs  somewhat  later  and  the  compression  very  much  later,  and,  as  a  result  of  this, 
an  independent  expansion  valve  is  unnecessary. 

The  dotted  lines  in  Fig.  1  show  the  paths  of  the  various  centres. 

Article  381,  Pages  440-447. 

Cable  Tramway*. — Cable  tramways  have  now  been  used  with  successful 
results  in  some  of  the  large  cities  in  the  United  States. 

In  San  Francisco  an  endless  steel  wire  rope,  3  inches  in  circumference  and  11,0(0 
feet  long,  is  supported,  on  sheaves  11  inches  in  diameter,  placed  39  feet  apart,  the 
whole  lying  in  an  iron  tube  placed  between  the  car  rails  and  beneath  the  roadway, 
in  which  an  opening  of  about  one  inch  wide  is  left. 

Through  this  opening  the  connection  between  the  car  is  made,  and  consists  of  an 
arm,  which  grips  the  rope  when  the  car  is  to  be  set  in  motion.  The  rope  is  kept 
constantly  going  by  means  of  a  powerful  steam-engine.  Additional  sheaves  are 
arranged  at  changes  of  direction  of  the  rope. 

The  rape  passes  round  grip  pulleys  at  the  engine-house,  8  feet  in  diameter. 

The  can  are  said  to  be  more  easily  started  and  brought  to  rest  than  when  drawn 
by  hones.  The  stoppage  is  effected  by  allowing  the  "  grip  "  to  slacken  its  hold  of 
the  rope,  and  putting  on  the  brakes. 

In  Chicago  about  4  miles  of  these  tramways  are  laid  down,  some  of  the  ropes 
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being  over  27,000  feet  In  length.      These  ropes  are  made  of  steel   1 J  inehsi  a 
diameter,  and  have  a  breaking  strength  of  39  tons. 

Wire  Ropes.— From  a  comparison  of  the  strength  of  iron  and  steel  wire  ropa\ 
it  appears  that  the  steel  rope  is  nearly  double  the  strength  of  the  iron  rope. 

Let  L= breaking  load  in  tons,  and  C= circumference  of  rope  in  inches, 
then 


■»•(§)• 


for  Iron  wire  ropes, 

L— 25  *  (  --  )    for  Steel  wire  ropes, 

and 

/r»\  s 

for  Hemp  ropes. 


"••(§)• 


In  the  East  River  Bridge,  New  York,  there  are  four  cables,  each  of  which 
contains  5296  galvanised  steel  oil-coated  wires.  These  wires  are  laid  parallfi  sad 
wrapped  together,  making  a  cable  of  15}  inches  diameter. 

The  ultimate  strength  of  snch  a  cable  is  estimated  at  12,200  tons. 

Corrugated  Pine*. — From  recent  experiments  on  steel  corrugated  flues  by  Mr. 
Parker,  of  Lloyds',  the  following  formula)  are  proposed  for  strength  : — 

Ultimate  crushing  strength  in  lbs.  per  square  inch= — , 

U 

where  t  is  the  thickness  of  plate,  and  d  the  mean  diameter  of  furnace. 
Working  strength  in  lbs.  per  square  inch= -|  .—  -', 

where  T  is  the  thickness  of  plate  in  sixteenths  of  an  inch,  and  D  the  greatest 
diameter  of  the  furnace  in  inches.  With  the  latter  rule  the  margin  of  safety  appears 
to  be  fully  5. 

The  experiments  were  carried  out  with  a  flue  having  the  corrugation  14  inches  deep 
and  6  inches  apart.  The  steel  plate  showed  a  tenacity  of  22*7  tons  per  square  inch, 
with  an  elongation  of  35  per  cent  in  a  length  of  10  inches. 

Article  464,  Pages  544  and  582. 

Strength  of  Shafts  for  Screw  Steamers, — 

\/(*  +  r) 

Where  d  —  diameter  of  crank  shaft  in  inches. 

D2  =  square  of  diameter  of  low-pressure  cylinder  in  inches,  or  the  sum  of  the 

squares,  if  there  are  more  than  one. 
P  =  absolute  pressure,  or  boiler  pressure  +  15. 
S  —  stroke  in  feet. 
/,  has  the  following  values:— 170  for  two  cranks  set  at  right  angles,  and  180  for 
three  cranks  set  at  120°  apart. 

The  diameter  of  the  intermediate  shafting » *95ct.  r= ratio  of  areas  of  low-  to 
high-pressure  cylinder. 
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Article  472,  Page  556. 

Plv- Wheels. — The  stress  on  the  rim  of  a  fly-wheel  due  to  centrifugal  force  may 
be  found  as  follows:  — 

The  outward  radial  tension  due  to  centrifugal  force  on  a  unit,  say,  of  one  cubic  inch, 

of  the  material  in  the  rim  is  — -  -  (see  p.  364),  and  the  total  bursting  tension  to  be 

resisted  by  the  tenacity  of  the  material  in  a  ring  of  one  square  inch  section  in  the  rim 

to  t^ 
will  be x  r  x  12  (sec  p.  494). 

Let  /  =  tensile  strength  of  the  material,  then x  12  =  /  or  v  =  m 

y  \i  12  w 

Let  the  material  of  the  rim  be  cast-iron  where  to  =  -26  lb.,  and  let/=  ljtOO  lbs. 

VI  500  x  32"** 
-!— T  =  124  feet  per  second,  as  a  safe 
12  x  *26 

velocity  for  the  rim. 

This  value  will  of  course  vary  with  the  assigned  value  of/;  100  feet  per  second  being 
sometimes  given  as  the  extreme  safe  limit  of  speed. 

Strength  of  Leather  Bella. — Ultimate  strength  about  3200  lbs.  per  sq.  inch; 
working  strength  about  one-eighth  of  this. 

2-incn  cotton  rope,  workiig strength  =  €00  lbs. 

Strength  of  Wires. — 

Pure  Copper  wire,    ....     about  18  tons  per  sq.  inch. 
Phosphor  bronze,      .  .  .  .        „     45 


»♦  >» 


Steel  wire,    .  .  .  .  .   90  to  140    „  „ 

Strength  of  Lead  Pipes. — 

4,400  x  t 

p  =  —o—> 

where  p  =  bursting  pressure  in  lbs.  per  square  inch. 
t  »  thickness  in  inches. 
d  =  internal  diameter  in  inches. 

Strength  of  Copper. — The  ultimate  strength  of  sheet  copper  varies  from  14 
to  17  tons  per  square  inch,  the  elastic  limit  being  reached  at  about  one-half  of  this. 

When  annealed  the  ultimate  strength  is  reduced  to  about  15  tons,  with  an  elastic 
limit  of  about  5  tons. 

At  temperatures  of  about  400°  F.  there  is  a  loss  of  strength  of  about  20  per  cent. 

The  strength  of  brazed  joints  is  about  75  per  cent  of  that  of  the  metal. 

Solid  drawn  copper  reaches  about  18 J  tons,  the  elastic  limit  being  about  16  tons. 

Pnlsometer  Pump. — The  Pulsometer  Pump  is  a  steam  pump  with  few  or  r.o 
moving  parts ;  the  water  is  forced  to  the  height  of  delivery  by  the  direct  action  of  the- 
steam,  the  supply  being  raised  by  the  condensation  of  the  same  steam.     The  action 
is  regulated  by  a  ball-valve  at  the  upper  part,  and  clack-valves  at  the  lower  part  of 
the  working  chamber. 
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Ceatrlfagal  Purnpi  are  devised  with  a  series  of  carved  blades,  radial  at  their 
outer  extremities,  revolving  in  a  case.  When  a  rapid  motion  is  imparted  the  water 
in  the  case  by  centrifugal  action  causes  the  water  in  the  suction  pipe  to  rise,  while, 
at  the  same  time,  discharge  takes  place  from  the  casing. 

About  400  feet  per  minute  is  the  speed  found  most  suitable  for  the  water  in  the 
pipes,  with  a  speed  of  the  periphery  of  the  wheel  of  about  2,000  feet  per  minute. 

The  diameter  of  the  wheel  is  generally  from  two  to  three  times  the  diameter  of  the 
pipes. 

The  efficiency  is  about  64  per  cent 

Gas  Engines. — These  are  a  form  of  heat  engine  doe  to  the  explosion  of  a 
mixture  of  gas  and  air  in  the  working  cylinder,  and  are  very  efficient,  especially  Cor 
light  work.     The  explosive  mixture  is  10  or  12  volumes  of  air  to  1  of  coal  gas. 

For  one-horse  power  the  quantity  of  gas  required  is  about  22  cubic  feet. 

Article  355,  Page  404. 

The  value  of  the  theoretical  coefficient  of  contraction  In  a  jet  of  water  was 
determined  by  Professor  Rankine  as  follows : — 

Let  a  =  area  of  orifice  in  feet 

v  =  velocity  of  outflow  in  feet  per  second. 
cav  =  number  of  cubic  feet  per  second. 
D  =  weight  of  a  cubic  foot  of  water. 
Then 

Dcav  =  weight  of  flow  per  second. 

Now  the  reaction  or  backward  pressure  exerted  against  the  reservoir  = : 

D»3 
the  pressure  in  the  reservoir  =  — — ;  multiplying  the  latter  expression  bv  a,  sud 

equating,  we  have — 

Dcair       D  t*2  a 

-,  or  c  =  4- 


9  -9 

For  long  lengths  of  pipes  the  velocity  may  be  expressed  by 


A    / 64 -4  Ad 

V=V    ~:027-' 


and  for  short  lengths  where  the  discharge  takes  place  near  to  the  supply,  the  velocity 
may  be  expressed  by 


V  toi'4  hd 
d  +    02  V 


In  the  above  the  resistance  at  entrance  of  pipe  is  supposed  to  be  insensible,  which 
may  be  considered  correct  when  the  mouth-piece  is  trumpet-shaped,  or  that  of  the 
"contracted  vein."    h,  d,  and  I  are  taken  in  feet,  and  v  in  feet  per  second. 

Article  381,  Page  441. 

Bells  for  Machinery. —Through  the  frictional  resistance  arising  from  the 
difference  of  the  tensions,  power  is  transmitted  by  means  of  belts.  If  we  know, 
therefore,  the  resistance,  say,  per  square  inch  of  the  bearing  surface  and  the  rate  of 
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motion  of  the  belt,  together  with  the  area  of  the  bearing  surface,  we  can  determine 
the  power  which  can  be  transmitted,  or  knowing  the  power  we  can  find  the  breadth 
of  belt  required. 

Thus  if  /  =5  resistance  in  lbs.  per  square  inch,  /  and  b  the  length  and  breadth 
respectively  in  inches  of  the  area  of  contact,  and  8  =  speed  in  feet  of  belt,  we  have 

—  H.  P.  the  horse-power  transmitted,  and  from  this  we  have — 


33,000 


.      H.  P.  x  33,000 

o  =   77-  * — . 

/Is 


The  average  value  of  $  may  be  taken  as  3,000  feet  per  minute ;  the  value  of  the 
factory  will  vary  with  the  tension  and  the  nature  of  the  material. 

A  useful  rule  is  that  a  belt  of  1  inch  in  width  should  transmit  one  horse-}M>wer, 
at  1,000  feet  per  minute,  the  arc  of  contact  being  not  less  than  180°. 

A  double  belt  will  transmit  about  1}  horse-power. 

Single  leather  belts  should  have  the  smooth  side  next  the  pulley. 

Double  belts  have  the  rough  surfaces  cemented  together. 

In  some  cases  two  or  three  belts  are  put  on  top  of  one  another,  and  allowed  to  run 
separately  without  being  cemented  together. 
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Absolute  unit  of  force,  318. 
Acceleration,  330. 

—Work  of,  364* 
Accumulator,  577. 
Action  and  re-action,  316. 
Actual  energy,  373. 
Addendum  of  a  tooth,  116. 
Adjustments  in  mechanism,  293. 

„  of  speed,  80,  185,  310-318. 

„  of  stroke,  310-312. 

Aggregate  combinations,  235. 

paths,  289,  261,  291. 
Air — Friction  of— in  pipes,  404. 
„  — Transmission  of  motive  power  by, 
445. 
Allan's  link  motion,  257. 
Alloys,  461. 

Aluminium  bronze,  463,  477. 
Angle  of  repose,  211,  298,  849. 
Angles  of  tools— Cutting,  566. 
Angular  velocity,  24. 
Approach  of  teeth,  118. 
Arcs — Measurement  of,  27. 
Axis— Fixed,  24. 

— Instantaneous,  46. 

„  of  a  rolling  body,  51. 

„   —Neutral,  512. 
„   — Temporary,  45. 
Axles  and  shafts — Efficiency  of,  427,  481. 
433,  449. 
„    — Friction  of,  396. 
„    —Strength  of,  540,  543. 

Babbitt's  metal,  464. 
Back-lash,  116. 
Back  of  a  tooth,  115, 152. 
Balance  of  a  machine,  365. 

of    effort    and   resistance.    370, 
875. 

—Running,  868. 
—Standing,  368. 
Ball-and-socket  joint,  192. 
Ball  clack,  303. 
Band-link,  213. 
Bauds— Classed,  179. 
„    — Connection  by,  180. 
„     — Deflection  of,  534. 
„    —Efficiency  of,  440,  447. 
.,    — Friction  of.  351. 
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Bands— Length  of,  183. 
— Materials  for,  474. 
— Motion  of,  74,  184. 
—Strength  of,  532,  6R5 
with  circular  pulleys,  182. 
with  polygonal  pulleys,  182. 
Barrel  pulley,  187. 
Beams — Bending  action  on,  504. 
—Deflection  of,  517. 
fixed  at  the  ends,  521. 
in  linkwork,  192. 
— Longitudinal  sections  of  uniform 

strength  for,  517. 
— Resilience  of,  521. 
—Strength  of,  513. 
— Strength  of  walking,  557. 
Bearing-pressure,  423. 

,,  — Intensity  of,  350. 

Bearings — Dimensions  of  bushes  and  plum- 
ber blocks  for,  552. 
—Forms  of,  17,  353. 
—Friction  of,  353. 
— Lubrication  of,  350. 
— Materials  for.  462. 
Bellows— Motion  of,  226. 
Belt— Flat  driving,  184,  586. 
—Motion  of,  74,  184. 
-Strength  of,  474,  632, 585. 
with  fast  and  loose  pulleys,  184. 
„  with  speed  cones,  185. 
Bending  moments—  Calculation  of,  505. 
Bending — Moment  of  resistance  to,  510. 

513. 
•     „      —Resistance  to,  504. 
Bevel -wheels,  82,  86. 
Blocks  nnd  tackle,  214. 
Block-brake,  401. 
Boiler  flues— Strength  of,  525,  584. 

shells— Strength  of,  494,  578. 
Bolts — Dimensions  and  strength  of,  499. 
Bonnet  valve,  302. 
Boring,  574. 
Braced  shaft,  576. 
Bracket,  521. 
Brakes,  400. 

-Block,  401. 
— Continuous,  578. 
—  Fan,  4U6. 
—Flexible  402. 
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Brakes— Pump  or  hydraulic,  404. 

Brass,  402,  477. 

Brasses,  462,  552. 

British  and  French  measures,  686. 

Broach,  561. 

Bronze,  462,  477,  578. 

Bulkiness,  325. 

Bushes,  18,  552. 

Cablk  Tramways.  582. 
Cam-motions  in  turning,  291. 
Cams,  170. 

„     —Rolling,  99. 
„     — Spiral  and  conoidal,  174. 
„     — To  draw— by  circular  arcs,  178. 
Capstan,  190. 

Castings— Iron— for  machinery,  458. 
Cast-iron,  451. 

—Malleable,  453. 
— Resilience  of,  485. 
—Strength  of,  453,  477,  479, 
481,  486. 
„        —Tools  for  cutting,  567. 
Cataract.  404. 
CMtch,  206. 

„      — Frictional,  211. 
Centre  of  a  curved  line,  336. 
„      of  a  plane  area,  334. 
„     of  a  volume,  836. 
of  buoyancy,  329. 
of  gravity,  328,845. 
„      of  magnitude,  334. 
„      of  mass,  328,  345. 
, ,     of  percussion  ,861. 
,,     of  pressure,  329. 
„     of  special  figures,  336. 
Centrifugal  couples,  365,  368. 

force,  830,364,586. 
force — Balance  of,  368. 
force — Resultant,  865. 
tension,  441,  532. 
whirling  of  shafts,  549. 
Chains— Gearing,  190. 
„      — Motion  of,  74. 
„      —Strength  of,  535. 
Change  wheels,  311. 
Changing  speed,  80,  185,  310-313. 

,,        stroke,  310-312. 
Chilling  cast-iron,  452.  * 

Chuck,  574. 

Circle — Involute  of,  53,  56. 
„    — Projections  of,  15. 
Circular  aggregate  paths,  261. 

arcs — Measurement  of,  27. 
bevel  wheels,  86. 
pulleys,  182. 
skew  bevel  wheels,  87. 
spur  wheels,  85. 
wheels,  84. 
Clasp-nut,  576. 
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Clearance  of  teeth,  116. 
Clearing  curves  of  teeth.  1231 
Click,  206. 
„     — Double-acting,  209. 
„     — Frictional,  211. 
„     —Silent,  208. 
Clutch,  295. 
Cocks,  806. 
Co-efficient  of  elasticity,  492. 

of  friction,  3i%  679. 
of  steadiness,  362. 
of  strength,  488. 
Cog— Hunting,  104. 
Cogs,  104,  473. 
„     — Strength  of,  553. 
„     — Wooden,  478. 
Collapsing— Resistance  to,  525. 
Collar  for  plunger,  221. 

„     for  shaft,  353. 
Comb  for  screw-cutting,  568. 
Combinations — Aggregate,  235. 

„  —Elementary,  77,  80,  4S& 

Common  measure— Greatest,  106. 
Comparative  motion,  22. 

„  „        in  elementary  combi- 

nations, 78. 
in  rotating  pieces,  SI, 

35. 
of  rigidly  connected 
points,  32. 
Component,  319. 

motions,  18. 

velocities  in  a  rotating  piece, 
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Composition  of  forces,  319. 
of  motions,  18. 
of  rotation  with  translation, 

„  of  rotations,  54. 

Compound  screw,  242. 
Compression — Longitudinal,  522. 
Cones— Pitch,  86. 

„    —Rolling,  68,  73. 

„    — Speed,  185. 
Conical  valve,  302. 
Connected  points— Motion  of,  82. 
Connecting-rod,  192, 197,  449. 

— Effect  of  obliquity  o^ 

449. 
—Strength  of,  524,  537. 
Connection— Line  of,  32,  77. 
Continuous  brakes,  578. 
Contraction  of  cast  iron,  454. 
Copper,  461,  586. 
Copy-plate,  291. 
Coras,  180.  475. 

„      —Pulleys  for,  187. 
Corrosion  of  iron,  461. 
Corrugated  flues,  584. 
Cottars— Strength  of,  499 
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Counter-efficiency,  377,  422. 
Counter-wheels,  286. 
Coupled  parallel  shafts,  44, 194. 
Couples,  321. 

„       —Centrifugal,  366,  868. 
„       —Statical,  321. 
Coupling— Circular  half-lap,  552. 
„      — Dimensions  of,  552. 
„      — Double— Hooke's,  205. 
—Drag  link,  194. 
— Hooke-and-Oldham,  206. 
—Hooke's,  208. 
—Oldham's,  166. 
—Pin  and  slot,  167. 
rod,  192. 
Crank  and  beam — Motion  of,  196. 
„     and  piston-rod— Motion  of,  196. 
„     and  slot,  167. 
„     in  linkwork,  192. 
„     rod,  192. 
„     — Strength  of,  557. 
,.     -Z,  272. 
Crushing  by  bending,  524. 

,,        — Direct — Resistance  to,  522. 
Curvature,  518. 

Curved  lines— Measurement  of,  28. 
Cutter— Circular,  668. 
Cutting  tools,  559. 
Cycloid,  53. 
Cylinder— Flexible,  226. 

„      —Hydraulic,  221. 
Cylinders— Hollow,  494. 

—Resistance  to  burst- 
ing of,  494,  495. 
— Resistance   to   col- 
lapsing of,  525. 
Cylinders— Pitch,  83,  85. 

„      —Rolling,  63,  56,  78. 

Dash-pot,  404. 
Dead-beat  escapement,  179. 
Dead  points  in  link  work,  193. 
„  of  cam,  173. 

„  of  pin  and  slot,  168, 169. 

Deflection  of  bands,  534. 
of  beams,  517. 
of  shafts,  545. 
of  steel  springs,  886,  389. 
Density,  325. 
Deviating  force,  330,  868. 
Diametral  pitch,  111. 
Differential  pulley,  840;  screw-nut,  681. 

„        harmonic  motions,  260. 
Disengagements,  294. 
Disengagement  by  a  clasp-nut,  576. 
„  by  a  clutch,  295. 

„  by  bands,  184,  185,  188, 

299. 
n  by  fast  and  loose  pulleys, 

184. 


»» 


i» 


!> 
II 
II 


w 


»» 

II 


Disengagement  by  friction-cones,  sectors, 

and  discs,  296. 
„  by  linkwork,  299. 

by  smooth    wheels.  297. 

577. 
by  teeth,  298. 
by  valves,  801. 
Double  beat  valve,  303. 
Drag-link,  194. 
Drawings  of  a  machine,  6. 
Drill,  566. 
Drilling,  574. 
Driver,  77. 
Driving  point,  23. 
Drum,  187. 

Dynamics  of  machinery,  315. 
Dynamometer,  382. 

—Friction,  383. 
— Integrating,  894. 
—Rotatory,  386,  446. 
— Torsion,  887. 
—Traction,  383. 
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Eccentric,  197. 

gearing,  247. 
pulleys,  188. 
rod,  192,  197. 
Effect  and  power,  378. 
Efficiency  and  counter-efficiency,  815,  876, 

422. 
Efficiency  of  bands,  440,  447. 

of  block  and  tackle,  443. 
of  fluid  connection,  444. 
of  linkwork,  442. 
of  a  machine,  315. 
of  primary  pieces,  423. 
of  rolling  contact,  436. 
of  a  screw,  433. 

of  a  shaft  or  axle,  427, 433,449. 
of  a  sliding  piece,  426,  487. 
of  teeth,  438. 
Effort,  316,  368. 

„     — Accelerating,  371. 
.,     and  resistance— Balance  of,  870. 
375. 
Elasticity,  492. 

„        of  spiral  springs,  389. 
Elementary  combinations,  77. 

„  „  classed,  80, 229. 

„  „  — Efficiency  of, 

436. 
Ellipses  traced  by  the  trammel,  267. 

.,  „     by  rolling,  266. 

Elliptic  pulleys,  189. 
„      wheels,  95. 

„  „     — Involute  teeth  for,  292. 

Energy,  870. 

— Actual  (or  kinetic),  878. 
and  work— General  equation  of 
878. 
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Energy  exerted  and  work  done— Equality 
of,  370,  876. 
„      —Potential,  370. 
„      stored  and  restored,  373,  375,407. 
Engaging  and  disengaging  gear,  294. 
Epicyclic  train,  243,  246. 
Epicycloid,  56. 
Epicycloidal  teeth,  130. 
Epitrochoid,  56,  262,  290. 

„         traced  by  rolling,  262,  290. 
Escapements,  175. 

„  — Anchor  recoil,  177. 

„  —Dead-beat,  179. 

Expansion  of  iron,  325,  454. 


Face  of  a  tooth,  115. 

Factor— Prime — of  a  number,  105. 

Factors  of  safety,  488,  545. 

Falling  bodies,  830. 

Fans  tor  mines,  580. 

Fan-brake,  406;  governor,  421. 

Fastenings— Strength  of,  497. 

Feed-motions  in  machine  tools,  293,  569. 

Flank  of  a  tooth,  115. 

„    circle  of  teeth,  123. 
Flaxen  fibre— Strength  of,  576. 
Flexible  secondary  pieces,  74. 
Floating  metal,  454. 
Fluid  secondary  pieces,  75,  221. 
Fly-wheels,  361,  407,  409,  556,  585. 
Follower,  77. 
Foot  pounds,  388. 
Force — Absolute  unit  of,  318. 
„    — Accelerating  and  retarding,  329. 
„    and  mass — Measures  of,  318. 
„    —Centrifugal,  830,  364,  368. 
„    de  cheval,  338. 
„    —Deviating,  330,  368. 
,,    — Ordinary  units  oi,  817. 
„    — Reciprocating,  374. 
Forces,  316. 

— Composition  and  resolution  of, 

319 
-Parallel,  322. 
Fractions— Continued,  106. 

„       —Converging,  108. 
Frame,  17. 

Framework— Straining  actions  on,  580. 
Freedom  of  teeth,  116. 
French  and  British  measures,  586. 
Friction,  348. 

clutch,  296. 

—Co-efficient  of,  849,  579. 

cones,  296. 

couplings   and    disengagements, 

296. 
discs,  296. 
dynamometer,  383. 
„       — Heat  produced  by,  354,  899. 
„      in  machines,  851. 
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Friction — Measurement  of,  885. 

of  air  in  pipes,  404. 

of  a  bana,  351. 

of  axles,  396. 

of  bearings,  358. 

of  pistons  and  plungers,  399. 

of  pivots,  353. 

of  water  in  pipe*,  404. 

— Resistance  of,  848. 

sectors,  296. 

—Table  of  co-efficients  o£  849 

— Work  done  against,  858. 
Fricaonal  catch,  211. 
gearing,  102. 
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Gas  engines,  586. 

Gear — Disengaging  and  reversing,  294. 

Gearing  chains,  190. 

— Frictional,  102. 
—Intermittent,'  139,  286*. 
—Screw,  157, 163,  289,  439. 
—Slide  valve,  258. 
-Toothed,  114. 
Geneva  stop,  286. 
Geometry—  Descriptive—  Elementary  r 
in,  3. 
of  machinery,  8. 
— Rules  in — relating  to  planet 
— Rules  in— relating  to  strai 
lines,  6. 

Gibs  and  cottars— Strength  of,  499. 
Gooch's  link  motion,  255. 
Governors,  410,  579. 

— Balanced,  or  spring,  418. 
—Bellows,  421. 
—Differential,  420. 
— Disengagement,  419. 
—Fan,  421. 
— Fluctuations  of,  418. 
— Isochronous  gravity,  415. 
—Loaded,  413. 
— Loaded  parabolic,  415. 
— Parabolic,  414. 
—Pendulum,  411. 
—Pump,  421. 
Grasshopper  parallel  motion,  275,  292. 
Gravity,  316. 

—Centre  of,  328,  345. 
— Motion  produced  by,  880,  8 
— Specific,  325. 
„       — Table  of  specific,  826. 
Grease,  350. 
Gudgeons,  18,  540. 

„        — Strength  of,  541. 
Guide  pulleys,  188. 
Gyration — Radius  of,  859,  514. 
„      table,  360. 

Harmonic  motion,  250,  529. 
Heaters  for  feed-water,  679. 
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Heat  of  friction,  364,  399. 
Heaviness,  325. 

„         —Table  of,  326. 
Heights  doe  to  velocities — Table  of,  381. 
Helical  motion,  36. 

„  „       —Resolution  of,  68. 

„      teeth,  156. 
Helix,  38. 

„     — Normal,  41. 
Hide— Raw— belts,  474. 
Hooke's  coupling,  203,  205. 
Hooke-and-Oldham  coupling,  206. 
Horse-power,  330,  378,  393. 
Hnnting-cog,  104. 
Hydraulic  connection,  221,  580. 

„  „        — Comparative  velo- 

cities in,  228. 
„  „         — Efficiency  of,  444. 

„  „         — Intermittent,  224. 

Hydraulic  cylinder,  221. 
Hydraulic  press,  225,  381. 

„      —Strength  of,  495. 
Hydraulic  Ram,  577. 
Hyperboloids — Pitch  of,  87. 

—Rolling,  70,  87. 
Hypocycloid,  or  internal  epicycloid,  56. 

Impulse,  356. 
Inclined  plane,  232,  381. 
Indicated  power,  390. 
Indicator,  390. 

„       diagram,  392. 
Inertia— Moment  ot,  359,  618. 

„     — Reduced,  362. 
Inside  gearing,  85, 117. 
Instantaneous  axis,  46,  51. 
Intermittent  gearing,  139,  286. 
Involute  of  circle,  53,  56. 
„      teeth,  120,  292. 
Iron,  450. 

„    — Bar,  455. 

„    —Cast,  450,  451. 

„   — Corrosion  of,  461. 

„    — Expansion  of,  325,  454. 

„    forcings,  456 

„    — Impurities  of,  451. 

„    — Kinds  of,  450. 

„   — Malleable,  or  wrought,  450,  455. 

„    —Malleable  cast,  453. 

„    -Pig,  451. 

„    — Plate,  455. 

n   —  Preservation  of,  460. 

„    — Resilience  of,  486. 

„    — Steelv,  457,  484. 

t,    —Strength  of,  453,  456,  459,  477, 
479.  481,  482. 

„    — Tools  for  cutting,  569. 

„    —Welding  of,  456. 

Jacquard  hooks,  800. 
Joint— Ball  and  socket,  192. 


Joint — Double  universal,  205. 

„    —Universal,  203. 
Joint-pins  and  fastenings — Strength  of, 

497. 
Joints — Strength  of  rivetted,  495. 

„    — Strength  of  welded,  495. 
Journals,  18. 
Journals— Friction  of,  353. 

„     — Strength  and  dimensions  of,  541, 
544. 

Ketb— Strength  of,  497,  499. 
Kilogramme,  818. 
Kilogrammetre,  821,  338. 
Kinetic  energy,  373. 
Knot,  or  nautical  mile,  840. 

Lap  of  slide  valve,  807. 

Lathes,  572. 

Lead,  461.  586. 

Lead  of  slide  valve,  309. 

Leather— Strength  of,  474,  585,  586. 

Lever,  192,  232,  380. 

„     — Strength  of,  557. 
Line  of  connection,  32,  77. 
Line  of  contact,  157. 
Link,  192. 
„    —Band,  213. 
„    —Drag,  194. 
,,    for  contrary  rotations,  196. 
„    —Slotted,  218. 

—Strength  of,  535,  587. 
link-motions  for  slide  valves,  258,  582. 
Linkwork— Aggregate,  248. 

—Connection  by,  192. 

— Doubling  of  oscillations  by, 

201. 
— Efficiency  of,  442,  449. 
— Harmonic  motion  in,  250. 
—Intermittent,  206. 
— Length  of  stroke  in,  197. 
—Slow  motion  by,  202. 
— Velocity-ratios  in,  199. 
with  reciprocating  motion,  196. 
Lobed  wheels,  97. 
Lubrication,  348,  350,  395. 
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Machines — Efficiency  of,  315. 
— Frame  of,  17. 
— General  equation  of  the  action 

of,  878. 
—Moving  pieces  in,  17. 
— Straining  actions  in,  527. 
Machinery — Dynamics  of,  315. 
„        — Geometry  of,  3. 
„        — Use  and  parts  of,  1. 
Magnitude — Centre  or,  334. 
Malleable  cast-iron,  453. 
„        iron,  450,  455. 
Mass,  818,  356. 
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Mass— Centre  of,  328,  845. 
Materials  used  in  machinery,  450. 
Measure — Greatest  common,  106. 
Measures  —  Comparative  table  of  French 

and  British,  586. 
Mechanical  powers — Comparative  motion 

in,  231. 
„  „        — Forces  in  the,  379. 

Mechanism — Aggregate  combinations  in, 
235. 
— Elementary  combinations  in. 

77,  80. 
— Elementary  combinations  in 

—classed  in  detail,  229. 
— Primary  pieces  in,  17. 
—Pure,  & 
.    „         — Secondary  pieces  in,  43. 
Mensuration  of  areas,  331. 

of  curved  lines,  27,  333. 
of  geometrical  moments,  834. 
of  volumes,  383. 
Modulus  of  a  machine,  377. 
of  elasticity,  492. 
of  pliability,  492. 
of  resilience,  494. 
of  rupture,  513. 
of  stifthesB,  491. 
Moment  of  a  plane  area,  223,  835. 
„      of  inertia,  859,  513. 
„       of  resistance,  513. 
Moments— Geometrical,  334. 

„       —Statical,  821. 
Momentum,  329,  355,  356. 
Mortise-wheel,  473,  554. 
Motion — Comparative,  22. 

„     — Comparative— in  rotating  pieces, 
31,35. 
—Helical,  36. 

of  a  rigid  body— Unrestricted,  50. 
„     of  connected  points,  32. 

—Periodic,  33,  196, 246,  375,  407. 
—Relative,  21,  30. 
, .     — Resolution  and  composition  of,  18. 
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Necks  of  shafts,  544. 
Neutral  axis,  512. 

„      surface,  511. 
Nominal  horse-power,  339. 
Non-circular  wheels,  92. 
Normal  helix,  41. 

Normal  pitch  of  gearing-screws,  158,  160, 
163. 

M        „      of  screw-line,  41. 

„        „      of  teeth,  122. 
Nut— Clasp,  576. 
,,  or  internal  screw,  36. 
Nuts  for  bolts,  499,  500. 

Odontogbafh,  186. 
Oil,  350. 
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|  Oldham  coupling,  166. 
Outside  gearing,  85. 

Paddle-wheels— Feathering,  270. 
Pallets,  175. 
Pandynamometer,  887. 
Parallel  forces,  322. 
„      motions,  274. 

„       — Extent  of  deviation  o£ 

281. 
„       — Grasshopper,  275, 291 
„       —Robert's,  285. 
„       — Rules    for    designing. 

277. 
„       — Tracing     approximate 
circular  arcs  oy,  283. 
v  „       —Watt's,  275. 

Paring  tools,  562. 
Pasteboard  for  bearings,  474. 
Paths— Aggregate,  239,  261. 
Pendulum,  361. 

„        governor,  411. 
„         — Revolving,  364. 
Percussion— Centre  of,  361. 
Periodic  motion,  33,  196,  246,  375,  407. 
Phosphor  Bronze,  578. 
Pig-iron,  451. 
Pillars,  524. 

Pin  and  slot— Connection  by,  1G7. 
Pinions,  105. 

,,      — Long  or  broad,  236. 
Pin-rack,  139. 

Pins— Strength  of,  497,  499. 
Pin-wheel,  137. 
Piston,  221. 

„      —Friction  of,  399. 
„      — Work  performed  by  a,  341. 
Piston-rod,  223. 

„         — Efficiency  of,  449. 
„         —Strength  of,  524. 
Pitch  of  a  screw — Axial,  37,  42. 

,,     — Circumferential,  42. 
„     — Diametral    and   radial, 

111. 
„     —Divided,  42. 
„    —Normal,  41, 158, 160, 163. 
Pitch-circles,  82, 157. 
Pitch-cones,  86. 
Pitch-cylinders,  83,  85, 
Pitch-lines,  82. 
Pitch-point,  82,  115. 
Pitch-surfaces,  81, 180. 
Pitch  of  teeth,  103. 
Pitching,  118,  575, 
Pivots,  18. 

Pivot— Friction  of,  353. 
Plane  surfaces — Scraping  of,  571. 
Planing,  569. 

„       machine,  570. 
Planometer,  571. 
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Plate-iron,  455. 
Plate-joints,  495,  498. 
Pliability,  491, 492,  581, 
Plumber-blocks,  552. 
Plunger,  221. 

„       —Friction  of,  899. 
Pneumatic  connection,  445. 
Point — Driving  and  working,  28. 
Polygon  of  forces,  820. 
Potential  energy,  870. 
Pot-metal,  464. 
Power,  839. 

and  effect,  378. 
—Horse,  339,  378,  393. 
—Indicated,  390. 
Powers— Mechanical,  231,  379. 
Press— Hydraulic,  226,  881,  495. 
Pressure — Centre  of,  329. 

„       —Intensity  of,  329,  842. 
„       on  bearings,  350. 
Primary  moving  pieces— Efficiency  of,  428. 
„  „        — Motions  of,  1 7, 24. 

„  „        —Work  of;  844. 

Prime  factors,  105. 

„     mover,  1. 
Projection  of  points  and  lines,  8,  6. 
Proof  strength,  487,  490. 
Puddling  iron,  455. 
Pulley,  214,  284,  881. 
Pulley-blocks,  214,  443. 
Pulleys,  179. 

—Circular,  182. 

—Differential,  240. 

— Eccentric,  188. 

—Elliptic,  189. 

—Fast  and  loose,  184. 

for  chains,  190. 

for  flat  belts.  184. 

for  ropes  and  cords,  187. 

—Guide,  188. 

— Non-circular,  188. 

—Polygonal,  182. 

—Speed,  185. 

—Straining,  188. 

— Suspended,  191. 
Pump  brake,  404.  Pulsometer,  586. 
Punching  tools,  560. 
Purchase,  214,  217. 

Rabatmext.  4. 
Rack— Circular,  237. 

„    gearing  with  screw,  289. 
Racks— Teeth  of,  120. 

„    —Toothless,  81. 
Radial  pitch,  111. 
Radius  of  gyration,  359,  360,  514. 
Ratchet  and  click,  206. 
Rate  of  work,  389. 

Ratio— Approximations  to  a  given,  107 
Reaction,  316. 
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Reaction    of    accelerated    and   retarded 
bodies.  830,  529. 
„       of  a  revolving  body,  380. 
„       —Straining  effects  of,  529. 
Reciprocating  force,  374. 
Reduplication,  214,  443. 
Regulating  apparatus  for  machinery,  400. 
Relative  motion,  21. 

„  „       in  a  rotating  piece,  30. 

Repose— Angle  of,  211,  298,  849. 
Resilience,  485,  492,  504,  521. 
Resistance,  316. 

due  to  acceleration,  854. 
—Mean,  347. 
of  friction,  848. 
— Reduction  of— to  the  driv- 
ing point,  844. 
Resolution  of  forces,  819. 
„        of  motions,  18. 
„         of  rotation,  68. 
Resultant  force,  819,  329. 

„       motion,  18. 
Reversing-gear,  295. 

by  belts,  299. 
by  linkwork,  299. 
by  teeth,  299. 
n  bv  valves,  801, 

Revolution— Motion  of,  26. 
Rigidity,  491. 
Rimer,  561. 

Rivets— Strength  of,  498. 
Rivetted  joints— Strength  of,  495. 
Rod— Connecting,  192, 197, 449, 524, 687. 
„  —Eccentric,  192, 197. 
„  —Piston,  223,  449,  524. 
Rolled  curves,  52. 

„         „     —To  draw,  58. 
„         „     — Tracing  of— by  mechan- 
ism, 265. 
Rollers,  81. 

Rolling,  51,  56, 68,  70. 
cams,  93,  99. 
cones,  68,  78. 

contact — Connection  by,  81. 
„     —Efficiency  of,  486. 
,,     — General  conditions  of,  82. 
resistance,  853. 
Root-circle  of  teeth,  128. 
Ropes— Strength  of,  475,  582,  584. 

„    —Wire,  447,  588,  584,  584. 
Rotation  about  a  fixed  point,  48. 

— Composition  and  resolution  o£ 

54,63. 
compounded  with  translation,  52. 
of  a  primary  piece,  24. 
„       of  a  secondary  piece,  48,  45. 
Ruled  surfaces— Cutting  of,  669. 

Safety— Factors  of,  488. 
Saw,  568. 


tt 
tt 
tt 
t> 
tt 
tt 


tt 
tt 

19 


698 


INDEX. 


it 
it 
*i 
n 
n 
it 
it 
it 
ii 

M 
ft 
91 
II 


It 


»t 

n 
»t 
it 
it 
tt 


Scraping.  562,  57L 
Screw,  18. 

and  nut,  157,  576. 
— Comparative  motion  in,  37. 
— Compound,  242. 
— Differential,  242. 
—Efficiency  of,  488. 
—Endless,  163. 

as  a  mechanical  power,  284,  881. 
— Motion  and  figure  of,  86. 
—Pitch  of,  86. 
—Reciprocating  endless,  246. 
—Strength  of,  499. 
—Tangent,  165. 
wheel  work,  157. 
„     with  clasp-nut,  576. 
Screw-cutting  by  lathe,  575, 

„  by  taps  and  dies,  568. 

Screw-gearing,  157. 

—Efficiency  of,  439. 
— Figures  of  threads  in,  163. 
with  rack,  289. 
Screw-line,  or  helix,  38. 

—Axial  pitch  of,  38, 42. 
— Circumferential  pitch  of,  42. 
— Curvature  of,  41. 
—Development  of,  40. 
— Divided  pitch  of  42. 
— Normal  pitch  of,  41. 
Screws— Right  and  left-banded,  37. 
Secondary  moving  pieces,  43. 

—Flexible,  74. 
—Fluid,  75. 
—Rotation  of,  45 
— Translation  of, 
44. 

Sectors— Logarithmic  spiral,  99. 
Shaft— Braced  576. 

,,    — Centrifugal  whirling  of,  549. 
Shafting — Efficiency  of  long  lines  of,  433. 
,,       — Span  between  bearings  of,  545. 
Shafts  and  axles— Efficiency  of,  427,  433, 

449. 
Shafts— Resilience  of,  504. 

„     —Resistance  of— to  twisting,  500. 
„    —Stiffness  of,  545,  576. 
„    —Strength  of,  501,  540,  544,  547. 
576,  681,  584. 
Shaper-plate,  291. 
Shaping  machine,  571. 
Shearing— Resistance  to,  496. 

„      tools,  560. 
Sheaves,  214,  216. 
Shells— Boiler,  494.  578. 
Silk— Strength  of,  576. 
Simpson's  rules,  332. 
Skew-bevel  wheels,  82,  87, 146,  152. 
Slide-valves,  305,  314. 

—Motion  of,  260.  306. 
— Link  motions  for,  258. 
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Slide-valves — Movable  seated,  960. 
Sliding  contact— Connection  by,  114. 

..  „    —Efficiency  o£  487. 

Sliding  piece— Efficiency  o£  426, 449. 
Slot  ana  pin— Connection  by,  167. 
Slotted  link,  218. 
Slotting,  569. 

„       machine,  671. 
Soft  metal,  464. 
Solder— Hard,  or  spelter,  463. 

„    —Soft,  464. 
Specific  gravity,  825. 

„  „      table  o£  826. 

Speed— Adjustments  of,  80. 

— by  bands  and  pal- 
ley*,  185,311 
— by  friction- 

wheels,  810. 
—by  toothed 

wheels,  811. 
— by  valves,  811. 
Speed  of  cutting  tools,  567. 
of  rotation,  24. 
— Periodic  fluctuations  of  85,  247, 

875,  407. 
— Uniform— Condition  of,  869. 
Speed  cones,  185. 
Spirals,  53,  99. 

Springs— Deflection    of    straight    steel, 
886.  ^^ 

„     —Elasticity  of  spiral,  889. 
Sprocket-wheel,  191. 
Spur  wheels,  82, 120. 
Starting  a  machine,  876. 
Staves  or  pins  for  wheels,  trundles,  and 

racks,  137. 
Steadiness— Co-efficient  of,  862. 
Steel,  450,  457,  578. 

— Annealing  of,  457. 
—Kinds  of,  458. 
— Resilience  of,  485. 
„     springs— Elasticity  of,  886,  889. 
—Strength  of,  459,  477,  484,  578. 
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— Tempering,  457. 
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Stephenson's  link  motion,  257. 
Stepped  teeth,  155. 
Stiffness— Moduli  of,  491,  492. 

„      and  pliability  in  machines,  581. 

,,      of  beams  and  shafts,  517,  547. 
Stone  bearings  for  shafts,  464. 
Stopping  a  machine,  376,  400. 
Strain,  487. 
Straining  actions  in  machines,  527. 

„  „        — Alternate,  529. 

„        effects  of  re -action,  529. 
Strength  and  stiffness  —  Principles   and 
rules,  487-558. 

„       —Co-efficients  or  moduli  of.  488 
492. 

„       of  fastenings,  497. 
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taufth  of  material*— Tablet  of,  477-486, 
576,  584,  585. 
„       —Testing  of,  490. 
„       —Ultimate,  proof,  and  working, 
487. 
itreo,  817,  487. 

„     — Moment  of,  510. 
Kroke— Adjustment  of,  810,  812. 

„     — Length  of— in  linkwork,  197. 
itruts— Strength  of  long,  524. 
„  ,,        short,  622. 

fon-and-planet  motion,  246. 
Surfaces— Making  of  ruled,  669. 
„       —Scraping  of  plane,  571. 

Cables  of  alloys  of  copper,  tin,  and  zinc, 

British  and  French  weights  and 

measures,  586. 
classification  of  woods,  466. 
data  for  calculating  fly-wheels, 

408. 
elementary  combinations  in  me- 
chanism, in  classes,  229-231. 
expansion  by  heat,  826. 
factors  for  deflection,  519, 520. 
„      for  dimensions  of  axles, 
548. 
„  „      for  gudgeons,  542,  548. 

„  „      for  shafts,  545. 

,,  „      for  strength  of  struts, 

624,  588. 
„  „      for  transverse  strength, 

515,  516. 
,,  factors  of  safety,  489,  545, 

„  friction,  849. 

„  heaviness,     density,     specific 

gravity,  826-828. 
,,         heights  due  to  velocities,  881. 
„  measures,  British  and  French, 

686. 
„         of  intensity  of  pres- 
sure, 842. 
„         of    resistance    and 
work,  389. 
M  „         of  statical  moment, 

821. 
„  „         of  velocity,  840. 

M  squares  of  radii  of  gyration, 

860,  525. 
„         strength  of  belts,  474. 
„  „       of  iron  and  steel,  460, 

477,  479, 481-486. 
„  „       of  materials  generally, 

477-486. 
„  „       of  ropes,  475, 476. 

„  „       of  wire  ropes,  534. 

„  uses  of  wood  in  machinery, 

472. 
„        weights,  British  and  French,586. 
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Tackle,  214. 

„      —  Efficiency  of,  448. 
Tangent  screw,  165. 
Teeth — Arc  of  contact  o£  119. 

— Common  and  relative  velocity  o(, 

117. 
— Dimensions  of,  116. 
—Efficiency  of,  488. 
— Epicycloidal,  180. 

„         — Approximate,  184. 
— Figures  of,  115. 
for  a  given  path  of  contact,  128. 
„    for  inside  gearing,  117. 
„    for  intermittent  gearing,  139,  286. 
„    gearing  with  round  staves,  187. 
-Helical,  156. 

— Involute — for  circular  wheels,  120. 
— for  elliptic  wheels,  292. 
—for  racks,  125. 
— normal  pitch  of,  122. 
— peculiar  properties  of, 
125. 
— Machine  for  cutting,  575. 
— Obliquity  of  action  of,  119. 
of  mitre  or  bevel  wheels,  148. 
of  non-circular  wheels,  141. 
of  skew-bevel  wheels,  146. 
of  spur-wheels  and  racks,  120. 
—Parts  of,  115. 
— Pitch  and  number  of,  103. 
— Pitching,  or  laying  off  pitch  of, 

113,  575. 
— Stepped,  155. 
— Strength  of,  553. 
traced  by  rolling  curves,  129. 
with  sloping  backs,  152. 
—  Wooden,  or  cog,  473. 
Telodynaraic  transmission,  447. 
Tempering  of  steel,  457. 
Tension— Resistance  to,  493. 
Tension  rods — Strength  of,  535. 
Testing  of  strength  490. 
Thread  of  screw,  36. 
Thrust— Bending  action  of,  524. 
,,     — Resistance  to,  522. 
„     — Strength  of  rods  under,  537. 
Tie — Strength,  stiffness,  and  resilience  of, 

493. 
Tiller,  219. 
Tiller-ropes,  219. 
Timber,  464-482,  680. 
Tin,  461. 
Tools,  559. 

— Combinations  of,  568. 

— Counter-efficiency    of    machine, 

568. 
— Cutting  angles  of,  566. 
— Cutting— in  general,  559. 
— Motions  of  machine,  568. 
—Paring,  562. 
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Tools  —  Punching,  561. 

„     — Resistance  and  work  of,  667. 

„     —  Scraping,  662. 

„     —Shearing,  560. 

„     —Speed  of  catting,  667. 
Torsion,  500. 

—Angle  of,  888,  502. 
dynamometer,  887. 
„      — Resistance  to,  500. 
Traces  of  lines  and  surfaces,  6. 
Traction  dynamometer,  388. 
Train-arm,  237. 
Trains— EpicTclic,  248,  246 

„    of  mechanism,  80,  227. 

„     of  wheelwork,  108. 

„     —Shifting,  235. 
Trammel,  267. 
Translation  of  a  secondary  piece,  44. 

„  straight,  18. 

Transverse  strength,  604. 
Traversing — Rate  of,  569. 
Traversing-gear,  293. 
Triangle  of  forces,  819. 
Trochoid,  63. 
Trundle,  187. 
Trunk  for  piston,  228. 
Turning— Aggregate      combinations      of 

mechanism    used   in,   243,    266,  290, 

291. 
Turning  lathes — Action  of,  572. 
Twisting,  500. 

Ultimate  strength,  487. 
Unguents,  350. 

„        —Testing  friction  with,  395. 
Universal  joint,  203. 
Unit  of  force,  317. 
Unit  of  mass,  318. 

Valves— Action  of,  301. 

— Principal  kinds  of,  302. 
—Slide,  805. 
—Use  of,  224. 
Velocities — Component,  83. 

„        —Virtual,  378. 
Velocity,  339. 

—Aggregate,  239. 
—Angular,  24,  341. 
— Mean  and  extreme  compara- 
tive, 199. 
— Measures  of,  340. 
ratio,  22, 199. 
Virtual  velocities,  378. 
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Water— Friction  of— in  pipes,  404, 586. 

„      wheels— Tension  arms  of,  556. 
Watt's  parallel  motion,  275. 
Wedge,  232,  881. 

,,      —Strength  of.  499. 
Weight,  817,  825. 
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Weights  and  measures — Comparatinl 

of  British  and  French,  686. 
Welding,  456. 
Wheel  and  axle,  232,  880. 
„      and  rack,  84,  85. 
cutting.  575. 
Wheels— Bevel,  82,  96. 
„      — Braced,  657. 
„      —Circular,  85. 
„      —Elliptic,  95. 
„      —Fly,  361 ,  407,  556,  585. 
„      — Lobed^  97. 
„      — Non-circular,  92. 
„      — Pitch-surfaces,  pitch-lines,  p 

points  of,  82. 
„      —Skew-bevel,  82,  87,  152. 
„      —Sprocket,  191. 
„      — Spur,  82. 

„      — Strength  of  arms  of,  554,  51 
of  rims  of,  553, 55 
„        of  teeth  of,  553. 
—Teeth  of,  115. 
—Toothless,  81. 
with  parallel  axes,  83. 
—Worm,  163. 
White's  pulley,  216. 
Windlass,  190. 

„        —Differential,  242. 
Wipers,  170,  175. 

Wire-ropes — Deflection  and  length  of, 
—Strength  of,  533.  584,  5t 
— Transmission  of  power 
447,  582. 
Wood.  464. 

— Appearance  of  good,  467. 
— Classification  of,  466. 
— Examples  of,  468. 
— Preservation  of,  471,  580. 
— Seasoning  of,  470. 
—Strength  of,  471,  478,  479, 

481,  482. 
—Structure  of,  464. 
— Use  of— in  machinery,  472. 
Wooden  cogs,  478. 
Work,  338. 

against  an  oblique  force,  343. 
against  varying  resistance,  346 
— Algebraical  expressions  for, 
and  energy— General  equatioi 

378. 
done,  and  energy  exerted — Eqc 

of,  370,  375. 
done  during  retardation,  373. 
in  terms  of  angular  motion,  84 
in  terms  ot  pressure  and  vol 

341. 
— Measures  of,  839. 
of  acceleration,  854. 
of  machines,  338. 
—Rate  ol,  339. 
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Wrought  iron,  45&. 


Summary  of  various  kinds  of, 

362. 
—Summation  of,  343. 
—Useful  and  lost,  847. 
Working  load,  487. 
„    *  point,  23. 
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Z-Crank,  272. 
Zinc,  461. 
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CHARLES  GRIFFIN  <*  CO.'S  PUBLICATIONS. 


Til  IK  I)    EDITION,  Revised,     with  an  Additional  Chapter  on  Foi 

Numerous  Diagrams,  Examples,  and  Tables.     Large  8w.     Cloth,     lbs, 

THE  DESIGN  OF  STRUCTURES: 

▲  Pimotftnnl  Troatlno  on  tho  Building  of  Brtdjrnts, 

Roofs, 


By   S.   ANGLIN,  C.E., 

Master  of  Engineering,  Royal  University  of  Ireland,  late  Whitworth  Scholar,  4W 


The  leading  features  in  Mr.  Anglin's  carefully-planned  "  Design  of  Sine* 
tores  "  may  be  briefly  summarised  as  follows : — 

I.  It  supplies  the  want,  long  felt  among  Students  of  Engineering  tad 
Architecture,  of  a  concise  Text-book  on  Structures,  requiring  on  the  put  of 
the  reader  a  knowledge  of  Elementary  Mathematics  only. 

a.  The  subject  of  Graphic  Statics  has  only  of  recent  yean  been  _ 
applied  in  this  country  to  determine  the  Stresses  on  Framed  Structures ; 
in  t<>o  many  cases  this  is  done  without  a  knowledge  of  the  principles 
which  the  science  is  founded.     In  Mr.  Anglin's  work  the  system  is 
from  first  principles,  and  the  Student  will  find  in  it  a  valuable 'aid  i 
determining  the  stresses  on  all  irregularly-framed  structures. 

3.  A  large  number  of  Practical  Examples,  such  as  occur  in  the 
txjierience  of  the  Engineer,  are  given  and  carefully  worked  out, 
solved  both  analytically  and  graphically,  as  a  guide  to  the  Student. 

4.  The  chapters  devoted  to  the  practical  side  of  the  subject,  the 
Joints,  Punching,  Drilling,  Rivetting,  and  other  processes  connected 
manufacture  of  Bridges,  Koofs,  and  Structural  work  generally,  are  the 
el  many  years'  experience  in  the  bridge-yard;  and  the  information 
on  this  branch  of  the  subject  will  be  sound  of  great  value  to  the 
Widge-builder. 


[ 
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ENGINEERING  AND  MECHANICS.  *J 

>  ' 

Third  Edition,    Thoroughly  Revised.     Royal  8t*.      WUh  tmm$rous 
Jllustraiiems  and  13  Lithographic  Plata.     Handsome  Cloth.     Prut  301. 

A    PRACTICAL    TREATISE    ON 

BRIDGE-CONSTRUCTION: 

Being  a  Text-Book  on  the  Construction  of  Bridges  in 

Iron  and  SteeL 

FOR  THE  USE  OF  STUDENTS,  DRAUGHTSMEN,  AND  ENGINEERS, 
By  T.   CLAXTON    FIDLER,    M.Inst.CR, 

Pro£  of  Engineering,  University  College,  Dundee. 


GENERAL  CONTENTS. 


Part  I. — Elementary  Statics: — Definitions— The  Opposition  and 
Balance  of  Forces — Bending  Strain — The  Graphic  Representation  of  Bending 
Moments. 

Part  II.— General  Principles  of  Bridge-Construction: — The 
Comparative  Anatomy  of  Bridges — Combined  or  Composite  Bridges — 
Theoretical  Weight  of  Bridges— On  Deflection,  or  the  Curve  of  a  Bended 
Girder — Continuous  Girders. 

Part  III.— The  Strength  of  Materials  :— Theoretical  Strength  of 
Columns — Design  and  Construction  of  Struts — Strength  and  Construction  of 
Ties — Working  Strength  of  Iron  and  Steel,  and  the  Working  Stress  in 
Bridges — Wohler's  Experiments. 

Part  IV.— The  Design  of  Bridges  in  Detail:— The  Load  on 
Bridges — Calculation  of  Stresses  due  to  the  Movable  Load — Parallel  Girders- 
Direct  Calculation  of  the  Weight  of  Metal— Parabolic  Girders,  Polygonal 
Trasses,  and  Curved  Girders — Suspension  Bridges  and  Arches  :  Flexible 
Construction — Rigid  Construction — Bowstring  Girders  used  as  Arches  or  as 
Suspension  Bridges— Rigid  Arched  Ribs  or  Suspension  Ribs — Continuous 
Girders  and  Cantilever  Bridges — The  Niagara  Bridge — The  Forth  Bridge— 
Wind-Pressure  and  Wind-Bracing  :  Modern  Experiments. 

"lir.  Ftdlib's  success  arises  from  the  combination  of  experience  and 
sjrjfFLiorrT  of  treatment  displayed  on  every  page.  .  .  .  Theory  is  kept  in 
•coordination  to  Practice,  ana  his  book  is,  therefore,  as  useful  to  girder-makers 
%m  to  students  of  Bridge  Construction.'1 — The  Architect. 

"  Of  late  years  the  American  treatises  on  Practical  and  Applied  Meohanies 
have  taken  the  lead  .  .  .  since  the  opening  up  of  a  vast  continent  has 
given  the  American  engineer  a  number  of  new  bridge -problems  to  solve 
.  .  .  bnt  we  look  to  the  present  Treatise  on  Bridob-Conbtbuotion,  and 
the  Forth  Bridge,  to  bring  us  to  the  front  again.9* — Engineer. 

•'  One  of  the  vert  best  recent  works  on  the  Strength  of  Materials  and  its 
npplioation  to  Bridge-Construction.  .  .  Well  repays  a  careful  Study."— 
Mm0ntatmtff. 

"An  indispensable  handbook  for  the  practical  Engineer."— Nature. 
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Works  by  BRYAN  DONKIN,  MJHSLC.&,  ]UiisUIoehJL.te 


Third  Edition,   Revised  and   Enlarged.      With 

Illustrations.      Large  8vo,  Handaome  Cloth.      25s. 

GAS,  OIL,  AND  AIR  ENGINES: 

A  Practical  Text -Book  on   Internal   Combustion   Moton 

without  Boiler. 

By  BRYAN  DONKIN,  M.Inst.C.E.,  M.Inst.Mech.E. 

Gbwejlal  Contbnts.— Gas  Engine* :— General  Description— History  and  DeveJoe* 
stent— -British,  French,  and  German  Gas  Engines— Gas  Production  for  Motive  Power- 
Theory  of  the  Gas  Engine — Chemical  Composition  of  Gas  in  Gas  Engine*—  Utilisation  sff 
Heat— Explosion  and  Combustion.  Oil  Motors  :— History  and  Derelopcneat— Vuioel 
Types -Pnestman't  and  other  Oil  Engines.  Hot- Air  HnffUMa :— History  and  Dry  sky 
■seat— Various  Types:  Stirling's,  Ericsson's,  ftc,  &c 

"The  best  book  now  published  on  Gas,  Oil,  and  Air  Engines.  Will  beef 

tkby  or  eat  intekest  to  the  numerous  practical  engineers  who  have  to  make  themschei 
laminar  with  the  motor  of  the  day.    .    .    .    Mr.  Donlrin  has  the  advantage  of  lows 

raACTICAL  EXPERIENCE,  Combined  With  HIGH  SCIENTIFIC  AND  SXPBJMMKNTAL  KNOWLEDGE, 

and  an  accurate  perception  of  the  reauiraments  of  Engineers." — The  Engimstr. 

"We   heartily   RECOMMEND    Mr.  Donkan's  work.    ...    A   monument  of 
.labour.    .    .    .    Luminous  and  comprehensive. " — Jeumml  pfGms  Lighting. 

"  A  thoroughly  reliable  and  exhaustive  Treatise.**— Engiiutring. 


In  Quarto,  Handsome  Cloth.    With  Numerous  Plates.     25s. 

THE  HEAT  EFFICIENCY  OF  STEAM  BOILERS 

(LAND,   MARINE,   AND   LOCOMOTIVE). 

With  many  Tests  and  Experiments  on  different  Types  of 

Boilers,  as  to  the  Heating  Value  of  Fuels,  &e.,  with 

Analyses  of  Gases  and  Amount  of  Evaporation, 

and  Suggestions  for  the  Testing  of  Boilers. 

By    BRYAN    DONKIN,    M.Inst.C.E. 

General  Contents.— Classification  of  different  Types  of  Boilers 
415  Experiments  on  English  and  Foreign  Boilers  with  their  Heat  Efficiencies 
shown  in  Fifty  Tables— Fire  Grates  of  Various  Types — Mechanical  Stokers — 
Combustion  of  Fuel  in  Boilers — Transmission  of  lieat  through  Boiler  Plates, 
and  their  Temperature — Feed  Water  Heaters,  Superheaters,  Feed  Pumps, 
Ac— Smoke  and  its  Prevention — Instruments  used  in  Testing  Boilers — 
Marine  and  Locomotive  Boilers — Fuel  Testing  Stations— Discussion  of  the 
Trials  and  Conclusions — On  the  Choice  of  a  Boiler,  and  Testing  of  Land, 
'Marine,  and  Locomotive  Boilers — Appendices — Bibliography — Index. 

With  Plates  illustrating  Progress  made  during  the  present  Century , 

and  the  best  Modern  Practice. 

"A.  worn*  or  eeteekwcs  at  raiJ-rsT  nciQrm.     "Will  give  an  answer  to  almost  any 
-fneatton  connected  with  the  performance  of  boilers  that  tf  fs  possible  to  ask.'*— Enmmmr. 

"  Probably  the  most  kxbacstite  rutuni  that  has  erer  been  collected.     A  nuciiCAfc 
Book  by  a  thoroughly  practical  man."— /re*  mmd  Coml  ISrmdu  Bewimt, 
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1*»  annua,  Mm%nd  and  B*la>9*L     i>aOtt-9u4.  £*#JAar,  Ui.  Id.,-  •!»  <«t  M/V 
OJta  17m,  0M*,  isi.  M 

Boilers,  Marine  and  Land: 

THEIR  CONSTRUCTION  AND  STRENGTH. 

ft.  Hatomok  or  Rulxb,  FomHtmt,  Tukjs,  Jki.,  uuiiti  m  Minuil) 

Soahwjhub,  and  raiiwiinii.  Saj-btt  Valto*,  Strinq*, 

Fimwaa  Aire  MomRDRMi  to, 

roii  TEE  USE  OF  ENGINEERS,  SURVEYORS,  BOIL  Ell -MAKERS, 

AND  STEAM  USEES. 

By  T.  W.   TRAILL,   M.  Imst.O.E.,  F.E.K.1T, 

Lata  Bkwnner  Borrw«-ta-OhW  M  tat  BnM  •/  ltade. 
*B*  TO  THM   StOOND   AND  THIRD  EDITIONS  MART  NlW  TaELoB  fo] 

up  to  200  Lbs.  per  Squari  Inch  have  been  added. 
"Tvn  tfoet  (tLDiiki  ion  on  BoLlen  publlabtd  In  BdeI 


l»rgo  Crown  8*0.     With  tmmeroni  Illustration*.       Third  /mprttsian.     So. 

ENGINE-ROOM     PRACTICE: 

A  Handbook  for  Engineers  and  Officers  In  the  Royal  Navy 

and  Mercantile  Marine,  Including  the  Management 

of  the  Main  and  Auxiliary  Engines  on 

Board  Ship. 

By    JOHN    O.    LIVERSIDGE, 

mnHnen,  K.S.,  A.M.I.C.E.,  Iditractor  la  Applied  Mechanic!  U  th*  BOtkI  KitbI 

Collogo,  Groan  with. 
(*-!»«.-G*Mr.l  rmijlhilllil  pH  Muriu.'  Machinery  -Tbe  Condition,  of  SerTieeao* 
Dm*M0f  Engineers  .,]■  ill.'   lt..;-.l  Nivr.— Er,in  a-    !  I  '...iMUum  of  SltiiodI  Engln"«rso« 

i:!»  LsulLnj;  h.M    C-.n:].  ir.i   I.— 1L -    •!«.»         n-lci  ii'   a  Hi.'ju..Jtiii   Wiktcb.  ou  Ensiota 

ud  Boilers;.—  Sbullinii  oil  Nt.>«o.  -Goro.Jiir  Uuiiti  in.l  V/iKiien.-Adjuellneul.  and 
■Japan-*  of  Enjrinea— Frrwmilo-.  unit  l'*]»i™  of  '•Tinlf  Bollen.-Tbe  Hull  ud  He 
TttOnjn  —  C'lf.nlu;  in  1  P-uinm:  Mi  ■•  ..r,-i-.  —  hv.-w  ■■.  fmi  1'  juip".  F«>'l  Il<,»l*t»,  ud 
Antomatlo  Feod-Wnnr  Buil't.dh  -  fci»n<.r<ii.jn.  —  Himm  H.»m.  —  Electrlo  lifbt 
Kaon  ins  rj.— lijdmiiri'  u>...-|iir,e.'  -  .->  .r-Omi-.rmn.ne  tapi  —lie  (totaling  M»cb.km, 
-1U.-:  t.  ■  f.  ■■  ■■.■■!■.  ':  .,  .  ■  :■  for 
■ntry  of  Aidtitut  Iii.-ii.mh.  lL._S'.-vii"«i<>u»  pi™  ib  Examination*  for  Promoaon  at 
*,B.N.-Bef Illation,  re-i"                            :   1:  ■■!■■  SM' ■■:.■-!,  '.    ■■■.■  1. 1.  ftim  ■■'■.■•.  4*. 


/n  frown  Sue,  ctb-a,  urirt  JTianerow  lThunraiisiu.     [oTUrtty, 

GAS    AND   OIL    ENGINES: 

An  Introductory  Text-Book  on  the  Theory,  Design,  Construction, 
and  Testing  of  Internal  Combustion  Engines  without  Boiler. 

FOR  TBZ   USE   Or  STUDENTS. 

Br  Fbof.  W.  H.  WATKINSON,  Whit.  Soh.,  JHmmiMmmX., 

Qlaajow  and  Weal  of  Scotland  Technical  Collate. 

lOWON :  CMBLES  BRIFFiS  1  CO.,  UNITED.  EXETER  8THEET,  81RJHD. 
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Smovd  Edition,  Revised.      With  nnmerort*  PUtM  r-daoad  fm* 

Working  Drawing*  and  280  Illustration*  in  the  Text,      21*. 

A     MANUAL     OF 

LOCOMOTIVE    ENGINEERING: 


WILLIAM  FRANK  PETTCGREW,  MJH8T.GJL 
With  a  Section  on  American  and  Continental 

By  ALBERT  F.    RAVENSHEAR,   B,Sc, 

Cwinnlj.—  HlMoridl  ii.l, ..  In;:,  l  .  l.S.  .»  J.  -  11,-ile-n  LocoidoMtw:  Klmpk-.- 
Hodorn  Looomutivf-i;  Coiupuui.J  1*.  .  j  t>n»,'l'Tii;j..n  ia  UvcomotiTS  _«»l<_- 
CillwMn,  sjtiani  o, ,-!(■.  «ii. I  M»mi.(  H..J.  ■  -ii-:,,,-.  l-ntun  Ui«li.  CrouiiHdi.  r' 
and  Bo»nnR  Sprit,  j».  -Bilij..-.i,j.-  Yuli.  i 
FT»r,  inf.  UoKin  •  <■•!  Alio  I  rufl;..  Ila.i  .1 
Flrobol    Fittings.-    "-"- 


Ilai]w.j_  BrmkM.-Lubrictaoa._Cai- 


Tupantloa   sn.i    LLnuiue    I  fTlclencT.— Aavenesn    LocoznotJits — Ooa- 
— Bspalrs.  Bnanlnj.  lasfiectjea,  icl  laaMalfc— Tfcre*  Append—is. 


/»  -urjpe  8to.     Handsome  Cloth.     With  Plates  and  Illustrations.     16s. 

LIGHT        RAILWAYS 

AT  HOME  AND  ABROAD. 

Br    WILLIAM    HENR^  COLE,    M.Inht.O.R, 


Contents.— Discussion  of  the  Terra  "Light  Railways. "—English  Railway*, 
Bate*,  and  Farmers.—  Light  Railways  in  Belgian],  Franco,  IUIt,  other 
European  Countries,  America  and  the  Colonies.  India,  Ireland.— Road  Trane- 


.  .or_ i_jr.— Locomotives  and  Rolling-Si. 

Railways  in  England,  Scotland,  and  Wales.— Appendices  and  Index. 

"Mr.  W.H.Cole  H-.  brought  tortus r    .    .    .    ■  L_ioi»iioc-i<i(«I.D**i_Im 
HO-    .     .     .     rilNii.,1.,,,  .■■!,.  *:i» LMslu  til' ordinary  rusJ»T."-rii-_. 

__HK3i»imLTwel"aoaa.'-. ^Sofmttri™!*  U"n'" 

"Thswbols  su:;j-i-L  in  iiimirivv.LT  and  moTtttll  eoni — 
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ENGINEERING  AND  MECHANICS. 


Second  Edition,  Revised.     With  Numerous  Elustratione. 

Price  7a.  6<L 

VALVES  AND  VALVE-GEARING: 

INCLUDING   THE   CORLISS   VALVE  AND 

TRIP  GEARS. 

BY 

CHARLES    HURST,   Practical  Draughtsman. 

*  OoM&a  explanations  illustrated  by  116  vibt  cuab  diaobams  and  drawings  and  4  folding* 
.    .    .    the  book  fulfils  a  valuable  function."— Athenaeum. 


Hurst's  valves  and  valvb-gbabihg  will  prove  a  very  valuable  aid,  and  tend  to  tb 
i  of  Engines  of  scisirrinc  design  and  bcohomical  wobjcihg.    .     .     .    Will  be  largely 
titer  by  Students  and  Designers."— M aritte  Engineer. 

Useful  and  thobouqhly  fbactical.    Will  undoubtedly  be  found  of  okxat  talus  to 
■earned  with  the  design  of  VsJ re-gearing."—  Mechanical  World. 

Almost  bvebt  rrrm  of  valve  and  its  gearing  is  clearly  set  forth,  and  illustrated  hi 
a  way  aa  to  be  bsadilt  uvdebstood  and  practically  applied  by  either  the  Engineer* 
"  'smaii,  or  Student  .  .  .  Should  prove  both  useful  and  valuablx  to  all  Engineers 
for  belxabls  and  clbab  information  on  the  subject  Its  moderate  price  bringa  k 
the  reach  of  sJl"— Industries  awt  Iron. 


•*  Mr.  Hubst'b  work  is  admirably  suited  to  the  needs  of  the  practical  mechanic.  .  .  . 
It  Is  tree  from  any  elaborate  theoretical  discussion*,  and  the  explanations  of  the  Tarlone) 
types  of  valve-gear  are  accompanied  by  diagrams  which  render  them  eaaily  uedbbbtoosV* 
—ns  SoisntiHe  American. 


In  Paper  Boards,  8vo.,  Cloth  Back.    Price  Is.  6d.  net. 

HINTS     ON 

Steam  Engine  Design  and  Construction, 


BT 

AUTHOB  Of  **  VALVES  AND  VALVE  CEASING." 

WITH      NUMEROUS      ILLUSTRATIONS, 

CONTENTS. 


I.  Steam  Pipes. 

IL  Valves. 
HX  Cylinders. 
IV.  Air  Pomps  and  Condensers. 

V.  Motion  Work. 


VI.  Crank  Shafts  and  Pedestals. 
VII.  Valve  Gear. 
VIII.  Lubrication. 
IX.  Miscellaneous  Details. 
Index. 


M  A  bandy  volume  whic'i  every  practical  young  engineer  should  possess."—  Th$  Mode* 


LONDON:  CHARLES  8RIFFIN  A  CO.,  LIMITED,  EXETER  8TREET,  8TRAHtt 


&  C  HAH  LBS  GRIFFIN  <t  COSS  PUBLICATIONS 

Large  8vo,  Handsome  Cloth.     With  Illustrations,  Tables,  Ac    21s. 

Lubrication  &  Lubricants: 

A    TREATISE    ON    THE 
THEORY  AND  PRACTICE  OF  LUBRICATION 

AND  ON  THE 

NATURE,   PROPERTIES,   AND   TESTING   OF   LUBRICANTS. 
By  LEONARD  ARCHBUTT,  F.I.O.,  F.O.S., 

Chemist  to  the  Midland  Railway  Company, 
AND 

R.    MOUNTFORD   DEELEY,   M.I.M.E.,   F.G.S., 

Midland  Railway  Locomotive  Department. 

Contents.— I.  Friction  of  Solids. —II.  Liquid  Friction  or  Viscosity,  and  Plastic 
Friction.— III.  Superficial  Tension.— IV.  The  Theory  of  Lubrication.— V.  Lubricant*, 
(heir  Sources,  Preparation,  and  Properties.—  VI.  Physical  Properties  and  Methods  of 
Examination  of  Lubricants.— VII.  Chemical  Properties  and  Methods  of  Examination 
of  Lubricants.— VIII.  The  Systematic  Testing  ox  Lubricants  by  Physical  and  Chemical 
Methods.—  IX.  The  Mechanical  Testing  of  Lubricants.— X.  The  Design  and  Lubrication 
of  Bearings.— XI.  The  Lubrication  of  Machinery.— Index. 

"  Destined  to  become  a  classic  on  the  subject."— Industries  and  /re*. 
"Contains  practically  all  that  is  known  on  the  subject.    Deserves  the  careful 
attention  of  all  Engineers."— It  a  ilway  Official  Guide. 


Third  Edition.     Very  fully  Illustrated.     Cloth,  te.  6d» 

STEAM  -  BOILERS: 

THEIB    DEFECTS,    MANAGEMENT,    AND    CONSTRUCTION. 

By    R    D.    MUNRO, 

Chief  Engineer  of  the  Scottish  Boiler  Insurance  and  Engine  Inspection  Company. 

General  Contents. — I.  Explosions  caused  (i)  by  Overheating  of  Plates— (a)  By 
Defective  and  Overloaded  Safety  Valves — (3)  By  Corrosion,  Internal  or  External— -(a)  By 
Defective  Design  and  Construction  (Unsupported  Flue  Tubes  ;  Unstrengthened  Manholes ; 
Defective  Staying;  Strength  of  Rivctted  Joints;  Factor  of  Safety)— II.  Construction  or 
Vertical  Boilers:  Shells— Crown  Plates  and  Uptake  Tubes— Man-Holes,  Mud-Holes, 
end  Fire-Holes — Fireboxes  —  Mountings  —  Management — Cleaning — Table  of  Bursting 
Pressures  of  Steel  Boilers — Table  of  Rivetted  Joints — Specifications  and  Drawings  of 
Lancashire  Boiler  for  Working  Pressures  (a)  80  lbs. ;  (jb)  200  lbs.  per  square  inch  respectively. 

"  A  valuable  companion  for  workmen  and  engineers  engaged  about  Steam  Boilers,  ought 
Co  be  carefully  studied,  and  always  at  hand." — Coll.  Guardian. 

"  The  book  is  very  useful,  especially  to  steam  users,  artisans  and  young  Engineers." — 
Engineer.  

Br  the  sams  Author. 

KITCHEN    BOILER    EXPLOSIONS:    Why 

they  Occur,  and  How  to  Prevent  their  Occurrence.  A  Practical  Hand- 
book based  on  Actual  Experiment.  With  Diagrams  and  Coloured  Plate, 
Price  3s. 

LONDON :  CHARLE8  GRIFFIN  <t  CO.,  LIMITED,  EXETER  8TREET,  8TRAND. 


MNOIKMBRING  AND  MWOHAN108. 


Fifth  Edition.    Folio,  strongly  half-bound,  21/. 

TRAVERSE  TABLES: 

Computed  to  Four  Places  of  Decimals  for  every  Minute 

of  Angle  up  to  100  of  Distance. 

For  the  use  of  Surveyors  and  Engineers. 

BY 

RICHARD  LLOYD  GURDEN, 

Authorised  Surveyor  lor  the  Governments  of  New  South  Wales  and 

Victoria. 

%*  Puilishid  with  the  Csncurrmct  sf  the  Surveyors-  Gemsrml  for  New  South 

Walts  and  Victoria, 

"These  who  have  experience  in  exact  Sukvby-work  will  best  know  how  to  appreciate 
die  csMrmous  amount  of  labour  represented  by  this  rateable  book,  The  computations 
enable  the  user  to  ascertain  the  sines  and  cosines  for  a  distance  of  twelve  miles  to  within 
tuUf  an  inch,  and  this  it  ftsraoaics  to  but  Ohs  Tails,  in  place  of  the  usual  Fifteen 
oniimte  romfwiisiiimi  required.  This  alone  is  evidence  of  the  assutanoa  which  the  Tables 
ensure  to  every  user,  and  as  every  Surveyor  in  active  practice  has  felt  the  want  of  such 

-_~ FEW     xxQynxQ     ov     theJH     PUBLICATION     WILL     REMAIN     WITHOUT    THEM." 


Third  Edition.     In  Two  Parts,  Published  Separately. 

A    TEXT-BOOK    OF 

Engineering  Drawing  and  Design 

Vol.  I. — Practical  Geometry,  Plank,  and  Solid.    3s. 

Vol.  II. — Machine  and  Engine  Drawing  and  Design.   4s.  6d. 

BY 

SIDNEY  H.   WELLS,   Wh.Sc, 

JLM.IlfST.C.l.,  ▲.X.IHBT.XBCB.B*, 

PliiiMByal  of  the  Battersea  Polytechnic  Institute,  and  Head  of  the  Engineering  De] 
therein ;  formerly  of  the  Engineering  Departments  of  the  Yorkshire  GoUege, 
Leeds ;  and  Dulwich  College,  London. 


wumy  Illustrations,  specially  prepared  for  the  Work,  and  numerous 
Examples,  for  the  Use  0/ Students  in  Technical  Schools  and  Colleges, 

A  TBTomouoRLY  umful  wobje,  exceedingly  well  written.    For  the  many  Examples  and 
Ions  we  have  nothing  but  praise."— Nature. 

M  A  capital  text-book,  arranged  on  an  excblubt  system,  calculated  to  give  an  Intelligent 
Awatp  of  the  subject,  and  not  the  mere  faculty  of  mechanical  copying.    .    .    .    Mr.  Wells  shi 
fjow  to  make  couriers  woekibo-deawihos,  discussing  fully  each  step  in  the  design.''—. 


"The  first  book  leads  easily  and  batueally  towards  the  second,  where  the  ttfhni^H  pnpil 
hfSBjgtit  Into  contact  with  large  and  more  complex  designs. "— r*e  Sckoolwuuur. 


IMDON :  CHARLES  GRIFFIN  A  CO.,  LIMITED,  EXETER  STREET,  STRAND. 
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WORKS    BY 

ANDREW  JAMIESON,  MJnst.GE.,  M.I.E.R,  F.R.aE* 

Consulting  Engineer  and  Electrician  ;  formerly  Professor  of  Electrical  Engineering^ 
The  Glasgow  and  West  of  Scotland  Technical  College* 


PROFESSOR  JAMIESON'S  ADVANCED  TEXT-BOOKS. 

In  Large  Crown  8w.    Fully  Illustrated. 

STEAM  AND  STEAM-ENGINES   (A  Text-Book  on). 

For  the  Use  of  Students  preparing  for  Competitive  Examinations, 
With  6oo  pp.,  over  200  Illustrations,  6  Folding  Plates,  and  numerous 
Examination   Papers.    Thirteenth  Edition,  Revised.    8/6. 

"Professor  Jameson  fascinates  the  reader  by  his  clearness  op  conception  and 
simplicity  op  expression.     His  treatment  recalls  toe  lecturing  of  Y9nAaj.~—Alk**ue%nu 

"  The  Best  Book  yet  published  for  the  use  of  Students."— Engineer. 

"Undoubtedly  the  most  valuable  and  most  complete  Hand-book  on  the  subject 
that  bow  exists."— Jfoptttf  Engineer. 

MAGNETISM   AND  ELECTRICITY  (An  Advanced  Text- 

Book  on).  Specially  arranged  for  Advanced  and  "  Honours "  Students. 
By  Prof.  Jamieson,  assisted  by  David  Robertson,  Jr.,  B.Sc 

APPLIED  MECHANICS  (An  Advanced  Text-Book  on). 

Vol.  I. — Comprising  Part  I.:  The  Principle  of  Work  and  its  applica- 
tions; Part  II.:  Gearing.    Price  7s.  6d.     Third  Edition. 
"Fully  maintains  the  reputation  of  the  Author— more  we  cannot  nj."—Pr*et. 
Engineer. 

Vol.  II. — Comprising  Parts  III.  to  VI. :  Motion  and  Energy;  Graphic 
Statics;  Strength  of  Materials;  Hydraulics  and  Hydraulic  Machinery. 
Second  Edition.    8s.  6d. 

"Well  and  lucidly  written."—  The  Engineer. 

*»*  Each  of  the  above  volumes  is  complete  in  itself,  and  sold  separately. 

PROFESSOR  JAMIESON'S  INTRODUCTORY  MANUALS. 

Crown  8vo.     With  Illustrations  and  Examination  Papers, 

STEAM    AND    THE    STEAM-ENGINE    (Elementary 

Manual  of).    For  First- Year  Students.   Eighth  Edition,  Revised.    3/6. 

"  Quite  the  bight  sort  op  book." — Engineer. 

"  Should  be  in  the  hands  of  every  engineering  apprentice. w— Practical  Engineer. 

MAGNETISM  AND  ELECTRICITY  (Elementary  Manual 

of).     For  First -Year  Students.     Fifth  Edition.    3/6. 

"  A  capital  text-book  .  .  .  The  diagrams  are  an  important  \c*tux*.m~-Schoolmastor. 

"A  thoroughly  trustworthy  Text-book.  .  •  .  Arrangement  as  good  as  well 
can  be.  .  .  .  Diagrams  are  also  excellent  .  .  .  The  subject  throughout  treated  as  an 
essentially  practical  one,  and  Yery  clear  instructions  given. " — Nature. 

APPLIED    MECHANICS    (Elementary    Manual   of). 

Specially    arranged    for    First- Year    Students.       Fourth    Edition, 
Revised.     3/6. 
"  Nothing  is  taken  for  granted.    .    .    .    The  work  has  very  high  qualities,  which 
samy  be  condensed  into  the  one  word  '  clear."* — Science  and  Art. 

A  POCKET-BOOK  of  ELECTRICAL  RULES  and  TABLES. 

FOR  THE  USE  OF  ELECTRICIANS  AND  ENGINEERS. 
Pocket  Sim.     Leather,  8t  6d.     Fiftttnth  Bdiium.      See  p.    43. 

LONDON :  CHMILE8  GRIFFIN  &  CO.,  LIMITED,  EXETER  8TREET,  8TRAND. 
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WORKS     BY 

f.  J.  MACQUORN  RANKINE,  LL.D.,  F.R.S., 

Ut»  ftogtug  Professor  of  Clotl  Engirfring  In  tho  UntomHy  •/  tf/Mftw. 

THOROUGHLY  REVISED  BY 

W.     J.     MIL  LAB,     C.B., 

latv  StenUuy  to  tti§  InttituU  of  Englno$r&  and  Shlpbulldtrt  In  8ootlmm4. 


A  MANUAL  OF  APPLIED  MECHANICS : 

omprising  the  Principles  of  Statics  and  Cinematics,  and  Theory  of 
Structures,  Mechanism,  and  Machines.  With  Numerous  Diagrams. 
Grown  8vo,  cloth.    Sixteenth  Edition.    12s.  6cL 


A  MANUAL  OF  CIVIL  ENGINEERING : 

lejnprising  Engineering  Surreys,  Earthwork,  Foundations,  Masonry,  Car- 
pentry, Metal  Work,  Roads,  Railways,  Canals,  Rivers,  Waterworks, 
Harbours,  Ac.  With  Numerous  Tables  and  Illustrations.  Crown  tro 
cloth,    Twenty-First  Edition.    16a. 


A  MANUAL  OF  MACHINERY  AND  MILLWORK : 

tomprising  the  Geometry,  Motions,  Work,  Strength,  Construction,  an4 
Objects  of  Machines,  fee  Illustrated  with  nearly  800  Woodcuts. 
Crown  8vo,  cloth.    Seventh  Edition.    12s.  6d. 


A  MANUAL  OF  THE  STEAM-ENGINE  AND  OTHER 

PRIME  MOVERS : 

With  a  Section  on  Gas,  Oil,  and  Air  Engines,  by  Bryan  Don  kin, 
ILInstCK  With  Folding  Plates  and  Numerous  IHaatratioas, 
Crown  8vo,  cloth.    Fourteenth  Edition.    12s.  6d. 

I0NOON:  CHARLE8  GRIFFIN  A  CO.,  UVITED,  EXETER  8TREET,  8TRAN0L 
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Fior.  Rakkink's  YfowJu—(Cmrtmt«l), 

USEFUL  RULES  AND  TABLES : 

For  Architect*,  Builders,  Engineers,  Founder*,  Mechanics,  Shipbuildtri, 
Surveyors,  Ac.  With  Appendix  for  the  use  of  Electrical  Ehozhihi 
By  Professor  Jamiesox,  F.R.S.E.    Seventh  Edition.    10s.  6d./  __  , 


A  MECHANICAL  TEXT-BOOK : 

A  Practical  and  Simple  Introduction  to  the  Study  of  Mechanics,  By 
Professor  Rankine  and  E.  F.  Bakbeb,  C.E.  With  Numerous  Ulue- 
trations.    Crown  8vo,  cloth.    Fifth  Edition.    9s. 

%•  Th*  "  MscBAincAi.  Text-Book"  was  dmig**d  by  Prof 
to  ths  abou  Serin  •/  Mmnualt. 


MISCELLANEOUS  SCIENTIFIC  PAPERS. 

Royal  8vo.     Cloth,  31s.  6d. 

Part  L  Papers  relating  to  Temperature,  Elasticity,  and  Expansion  of 
Vapours,  Liquids,  and  Solids.  Part  II.  Papers  on  Energy  and  its  Trans- 
formations.    Part  III.  Papers  on  Wave-Forms,  Propulsion  of  Vessels,  Ac. 

With  Memoir  by  Professor  Tait,  M.A.  Edited  by  W.  J.  Millab,  C.E. 
With  fine  Portrait  on  Steel,  Plates,  and  Diagrams. 


•'  Ne  more  enduring  Memorial  of  Professor  Rankine  could  be  debited  then  the  , _ 

Ska  of  tbettt  papen  la  an  accessible  form.    .    .    .    The  Collection  U  most  Tamable  ea 
aeseemt  of  the  nature  of  bis  discoveries,  and  the  beauty  and  complstsnen  of  bat 

.    .    .    The  Voksme  exceeds  in  importance  any  work  in  the J 

m  ear  time."— Architect. 


SHELTON-BEY  (W.  Vincent,  Foreman  to  the 

Imperial  Ottoman  Gun  Factories,  Constantinople) : 

THE   MECHANICS   GUIDE :  A  Hand-Book  for  Engineers 
Artisans.     With  Copious  Tables  and  Valuable  Recipes  for  Practical  U 
Dlnstrated.    S*md  Edition.    Crown  8ro.    Cloth,  7/61 


LONDON :  CHARLES  GRIFFIN  A  CO.,  LIMITED,  EXETER  STREET,  STRAND. 
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In  Large  800,  Handsome  Cloth.     With  Frontispiece,  several  Piatt*, 

and  over  250  Illustrations.    21*. 

THE  PRINCIPLES  AND  CONSTRUCTION  OF 

PUMPING  MACHINERY 

(STEAM  AND  WATER  PRESSURE). 

With  Practical  Illustrations  of  Ekgixxs  and  Pumps  applied  to  Miking, 

Town  Watkr  Supply,  Drainage  of  Lands,  &c.,  also  Economy 

and  Efficiency  Trials  of  Pumping  Machinery. 

By    HENRY    DAVEY, 

Member  of  the  Institution  of  Civil  Engineers,  Member  of  the  Institution  of 

Mechanical  Engineers,  F.O.S.,  Ac. 

Cohtents  — Early  History  of  Pumping  Engines — Steam  Pumping  Engines— 
Pumps  and  Pump  Valves— General  Principles  of  Non-Rotative  Pumping 
Engines — The  Cornish  Engine,  Simple  ana  Compound — Types  of  Mining 
Engines— Pit  Work— Shaft  Sinking — Hydraulic  Transmission  of  Power  in 
Mines — Valve  Gears  of  Pumping  Engines — Water  Pressure  Pumping  Engines 
— Water  Works  Engines — Pumping  Engine  Economy  and  Trials  of  Pumping 
Machinery  —  Centrifugal  and  other  Low-Lift  Pumps  —  Hydraulic  Hams, 
Pumping  Mains,  &c -—Index. 

44 By  the  'one  English  Engineer  who  probably  knows  more  about  Pumping  Machinery 
than  amt  erams,'  ...  A  volumb  axcoaDiKo  the  bssults  of  loko  xxpsmiavca  avd 
srcnT."— Thi  Engiuttr. 

^  Undoubtedly  tbb  nsr  aud  most  practical  tekatux  on  Pumping  Machinery  that  has 
tbt  mmaw  published."— Mining  Journal. 


BBOOJiD  EDITION,  Revised  and  Enlarged. 
In  Large  8vo,  Handsome  cloth,  34s. 

HYDRAULIC  POWER 


AND 


HYDRAULIC  MACHINERY. 

BT 

HENRY    ROBINSON,    M.   Inst.  C.E,  F.G.&, 

ISaXOW  OS  KWG*8  COLLBOS,  LONDON  ;  TWO*.  OF  CTVIL  BBf  •INBVStN«, 

king's  college,  arc.,  arc 

Wltb  numerous  TOoofccuts,  atti>  Stftgxntne  ptatetv 

"A  Beek  of  gnat  Prossstionel  Usefataeea/Wr 


UNDO* :  0HMLE6  GRIFFIN  *  CO.,  LIMITED,  EXETER  STREET,  STRAND. 
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Homal  800,  Ham/torn*  Cloth,  26s.     With  numsrous  illustrations  and  Tables. 

THE    STABILITY    OF    SHIPS 

BY 

SIR  EDWARD  J.   REED,   K.C.B.,  F.R.S.,  M.P., 

OF   THE    IMPERIAL    ORDERS   OP    ST.   STAKILACS   OF    RUSSIA,'    FKAJtCn   JOOMSM  01 
AUSTRIA;    MSOJIDIB   OF    TURKEY;    AND    RISING   SUN   OP    JAPAN;    VSCK* 
PRBSIDBNT  OP  THR  INSTITUTION  OP  NAVAL  ARCHITECTS. 

In  order  to  render  the  work  complete  for  the  purposes  of  the  Shipbuilder,  whether  ■ 
or  abroad,  the  Methods  of  Calculation  introduced  by  Mr.  F.  K.  Basks*.  Mr.  Grat, 


K.  Reeol  M.  Daymard,  end  Mr.  Benjamin,  are  all  given  separately,  iltuetreied  tr 
Tables  and  worked-out  examples.  The  book  contains  more  than  aoo  Diafframa,  sad  ■ 
■hutrated  by  a  large  number  of  actual  cases,  derived  from  ships  of  aD 

*  Sir  Edward  Reed's  '  Stability  op  Ships  '  is  invaluable.  #  The  Naval. 
will  find  brought  togetner  and  ready  to  his  hand,  a  mass  of  information  which  he  would  ___. 
wise  have  to  seek  in  an  almost  endless  variety  of  publications,  and  some  of  which  he  wos*. 
possibly  not  be  able  to  obtain  at  all  elsewhere.**—  Suamshifi. 


THE  DESIGN  AND  CONSTRUCTION  OF  SHIPS.     By  Johh 

Harvard  Biles,  M.Inst.N'.A.,  Professor  of  Naval  Architecture  in  the 
University  of  Glasgow.  [In  Preparmtim. 

Just  out.      Illustrated  with  Plates,  Numerous  Diagrams,  and  Figures 

in  the  Text.     1 8s.  net. 

STEEL     SHI  PS: 

THEIR    CONSTRUCTION    AND    MAINTENANCE. 

A  Manual  for  Shipbuilders,  Ship  Superintendents,  Students, 

and  Marine  Engineers. 

By  THOMAS   WALTON,  Naval  Architect, 


AUTHOR    OK    "  KNOW    YOUR    OWN    SHIP." 


Contents. — I.  Manufacture  of  Cast  Iron,  Wrought  Iron,  and  Steal. — Com- 
position of  Iron  and  Steel,  Quality,  Strength,  Tests,  &c.  II.  Classification  of 
Steel  Ships.  III.  Considerations  in  making  choice  of  Type  of  Vessel. — Framing 
of  Ships.  IV.  Strains  experienced  by  Ships. — Methods  of  Computing  and 
Comparing  Strengths  of  Shins.  V.  Construction  of  Ships. — Alternative  Modes 
of  Construction. — Types  of  Vessels. — Turret,  Self  Trimming,  and  Trunk 
Steamers,  &c. — Rivets  and  Ki vetting,  Workmanship.  VI.  Pumping  Arrange- 
ments. VII.  Maintenance. — Prevention  of  Deterioration  in  the  Hulk  el 
Ships. — Cement,  Paint,  &c.  — Index. 

"  So  thorough  and  well  written  is  every  chapter  in  the  book  that  it  I*  diJJcult  to  select 
*ny  of  them  as  being  worthy  of  exceptional  praise.  Altogether,  the  work  is  excellent,  and 
will  prove  of  ftreat  value  to  those  for  whom  it  is  intended."—  /  he  Engineer. 

•'  Mr.  Walton  has  written  for  the  profession  of  which  he  is  an  ornament  Bis  work 
will  be  read  and  appreciated,  no  doubt,  by  every  M.I.N. A.,  and  with  great  benefit  by  the 
majority  of  them. *— Journal  of  Commerce. 


Second  Edition,  Cloth,  8s.  6d.     Leather,  for  the  Pocket,  8*.  6L 

GRIFFIN'S  ELECTRICAL  PRICE-BOOK:  For  Electrical,  Civil, 
Marine,  and  Borough  Engineers,  Local  Authorities,  Architects,  Railway 
Contractors,  &c,  &c.     Edited  by  H.  J.  Dowsing. 

"The  Electrical  Pricb-Book  removes  all  mystery  about  the  cost  of  ITIiii ufail 
Power.  By  its  aid  the  expense  that  will  be  entailed  by  utilising  electricity  ea  a  large  m 
ssaall  scale  can  be  discovered."— Architect. 

LONDON :  CHARLES  GRIFFIN  A  CO.,  LIMITED,  EXETER  STREET,  STRAUS. 
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Sixth  Edition,  Revised.    Pocket-Size,  Leather.    8s.  6d. 

A  POCKET-BOOK  OF 

MARINE  ENGINEERING  RULES  AND  TABLES, 

FOR  THB  US*  OF 

Marine  Engineers,  Naval  Architects,  Designers,  Draughtsmen. 


>rs,  naval  Aremtects,  Design 
Superintendents  and  Otnei 


ers. 


BY 


A.  E.  SEAT  ON,  M.I.O.E.,  M.LMech.K,  M.I.N.A., 

AND 

H.  M.  ROUNTHWAITE,  M.LMech.E.,  M.I.N.A. 

"Admixably  fulfils  itt  purpose."— Marin*  Bngmttr. 


Fourteenth  Edition,  Revised.     Fries  21*. 

Dowsy  Svo9   Cloth,      With  Numerous  Illustrations,  reduced  /rem 

Working  Drawings. 

A    MANUAL    OF 

MARINE   ENGINEERING: 

COMPRISING  THE  DESIGNING,  CONSTRUCTION,  AND 
WORKING  OF  MARINE  MACHINERY. 

By  A.  E.  SEATON,  H.Inst.C.E.,  M. Inst. Heeh. &, 

M.Inst.N.A. 


GENERAL 

Part  L— Principles  of  Marine 
Propulsion. 

Part  IL— Principles  of  Steam 
Engineering. 

Part  III.— Details  of  Marine 
Engines:  Design  and  Cal- 


CONTENTS. 

eolations  for  Cylinder*, 
Pistons,  Valves,  Expansion 
Valves,  &e. 

Part  IV.— Propellers. 

Part   V.— Boilers. 

Part  VL— Miscellaneous. 


•«•  Thii  Edition  includes  a  Chapter  on  Water -Tubs  Boilbbs,  with  111 
tiooa  of  the  leading  Types  and  the  Revised  Rules  of  the  Beresm  Write*. 


~  In  the  three-fold  oapaoity  of  enabling  a  Student  to  learn  how  to  design,  construct 
and  work  a  Marine  Steam-Engine,  Mr.  Seaton's  Manual  has  no  mivn."—  TYsess. 

"The  important  subject  of  Marine  Engineering  is  here  treated  with  the  no*oue*> 
res*  that  It  requires.  No  department  has  escaped  attention.  .  •  .  Gives  Use 
results  of  much  elose  study  and  practical  work."— Xayfaafri'ay. 

"  By  far  the  bbt  Mam  o  ax  in  existence.  •  .  •  Gives  a  oomplete  aooount  of  tea 
snethods  of  solving,  with  the  utmost  possible  economy,  the  problems  before  the  Marina 
Engineer."— Jttemiifj*. 

'The  Student,  Draughtsman,  and  Engineer  will  And  this  work  the  MOST  ▼aluabli 
HaVDBOOK  of  Reference  on  the  Marine  Engine  now  in  existence."— Iforta*  Engimer, 

LONDON:  CHARLE8  GRIFFIN  &  CO.,  LIMITED,  EXETER  8TREET,  8TRAH0. 
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WORKS  BY  PROF.  ROBERT  H.  SMITH,  Assoc.M.LC.L, 

M.LM.K,  M.LBLK,  ILLMInX,  Whit  Boh.,  ILOnLMeiJL 


THE    CALCULUS    FOR    ENGINEERS 

AND    PHYSICISTS, 
Applied  to  Technical  Problems. 

WITH  UTIM1V1 

OTiABSIPIED  BEFERENCK  LIST  OF  INTEGRAIA 
By  PROP.  ROBERT  H.  SMITH. 

A88I8TBD  BT 

R.    F.    MUIRHEAD,    M.A.,    B.Sc., 

Formerly  Gtek  Follow  of  Glasgow  University,  sad  Lecturer  on  Mathematics  a* 

Mason  College, 

In  Crown  &vo,  extra,  with  Diagram*  and  Folding- Plate*     8s,  6d. 

"  Pmor.  B.  H.  Smith's  book  will  be  serviceable  in  rendering  a  hard  road  as  bast  as  nuone* 
ABU  for  the  non-mathematical  Student  and  Engineer."— Aiheiunim. 

"  Interesting  diagrams,  with  practical  illustrations  of  actual  occurrence,  are  to  be  found  hew 
In  abundance.  Thb  vbbt  complbtb  classipibb  bsbbbbbcb  tabu  will  prove  very  ussfsl  la 
aavlnf  the  time  of  those  who  want  an  integral  in  a  hurry."— TJu  Rmgimmr. 


MEASUREMENT    CONVERSIONS 

(English    and   French) : 

28    GRAPHIC    TABLES   OR   DIAGRAMS. 

Showing  at  a  glance  the  Mutual  Conversion  of  Measurements 

in  Different  Units 

Of  Lengths,  Areas,  Volumes,  Weights,  Stresses,  Densities,  Qnantttte* 
of  Work,  Horse  Powers,  Temperatures,  Ao. 

for  the  utc  of  Engineer*,  8urve*or*,  Architects,  and  Contractor*. 

In  4to,  Boards.      7a.   6d. 


*.*  Prof.  Smith's  Conversion-Tables  form  the  most  unique  and  com* 
prenensive  collection  ever  placed  before  the  profession.  By  their  use  much 
time  and  labour  will  be  saved,  and  the  chances  of  error  in  calculation 
diminished.  It  is  believed  that  henceforth  no  Engineer's  Office  will  be 
•oosidered  complete  without  them. 

"The  work  is  iw  valuable."— CoUtery  Gvardtan. 

"  Ought  to  be  in  bvbby  office  where  even  occasional  conversions  are  required. 
farm's  Tablbs  form  very  bxcbllbvt  chicks  on  results."— SUetrieml  XUmtm. 

"Prof.  Smith  deserves  the  hearty  thanks,  not  only  of  the  EffOiHisa,  but  of  the 
Wobxb,  for  having  smoothed  the  way  for  the  adoption  of  the  Mbtbic  Ststbbi  of  M_ 
a  subject  which  Is  now  assuming  great  importance  as  a  factor  in  «««*»**■«■* \rw  oar 
VOaatoa  *babbl"— Tk$  Maekimiry  Mark*. 
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In  Large  8ro.    Handsome  Cloth.     10s.  6d. 

CHEMISTRY  FOR  ENGINEERS. 

BY 

BERTRAM  BLOUNT,      and  A.  G.  BLOXAM, 

F.I.C.,  F.O.8.,  A.L0.B.,  F.LO..  F.O.S., 

Obemist  to  the  Crown  Agents  for  Oonsalttnf  Chemist,  Head  of  the  Chemistry 

the  Colonies.  Department,  Goldsmith*'  Inst, 

Now  Cross. 


CRKBBAL  CONTENTS.— Introduction— Chemistry  of  the  Chief  Material* 
•f  Oonstrnotlon— Sources  of  Energy— Chemistry  of  Steam -raising —Chemis- 
try of  Lubrication  and  Lubricants—  Metallurgical  Processes  used  In  the 
Winning  and  Manufacture  of  Metals. 

"The  author*  hare  succeeded  beyond  all  expectation,  and  hare  produced  a  work  whtae 
eeteld  fire  raasH  rows*  to  the  Engineer  and  Manufacturer."— Tht  Tim**. 

"Pbactical  thbocohout  ...  an  ▲dmieaeu  tbxt-booe,  useful  not  only  to  Students, 
■el  to  Emoibbbbs  and  Mabaobes  or  woexs  in  pebvbbtibq  waste  and  imfeotibo  n 


'A  book  worthy  to  take  bioh  babe  .  .  .  treatment  of  the  subject  ef  qasbovs  tub* 
pnrtloulerlj  good.  .  .  .  Watbe  gas  and  1U  production  dearly  worked  oak  .  .  .  We> 
WAAMI.T  eecomicbed  the  work."—. Toumml  of  O**  Lighting. 


For  Companion  Volume  by  the  same  Authors,  see  "  Chemistry 

fob  Manufacturers,"  p.  71. 


WORKS  BY  WALTER  R.  BROWNE,  M.A.,  M.lNST.C.E., 

Late  Fellow  of  Trinity  College,  Cambridge. 

THE    STUDENT'S    MECHANICS: 

An  Introduction  to  the  Study  of  Force  and  Motion. 

With  Diagrams.     Crown  8ro.     Cloth,  4s.  6cL 

In  style  and  practical  in  method,  'Tim  Student's  Mechanics'  k  iwiEalryeo  no 

all  points  ef   ' 


FOUNDATIONS    OF    MECHANICS. 

Papers  reprinted  from  the  Enginur*     In  Crown  Sto,  is, 

% 


Demy  8vo,  with  Numerous  Illustrations,  9s. 

FUEL    AND    WATER  : 

A  Manual  for  Users  of  Steam  and  Water. 

Br   Pbof.    FRANZ    SCHWACKH0FER  of  Vienna,  and 

WALTER   R.   BROWNE,   M.A,  CE. 
OewsEAL  Contents.— Heat  and  Combustion—  Fuel,  Varieties  of— Firing  Arrange- 

^  w»  vw  **•   •  *w*a  w*     •«  ^*e       •  m  wr        •     .*  V*         J  - 


its:   Furnace,    Rue*,  Chimney — The   Boiler,  Choice  of— Varieties — Feed-water 
II— Ian  ■    Steam  Pipes    Water :  Composition,  Purification — Prevention  of  Scale,  &c,  &c» 

"The  Section  on  Heat  is  one  of  the  best  and  moat  lucid  ever  written."— E*gim*r, 
M  Cannot  mil  to  be  ▼alunbU  to  thousand*  using  steam  power.*—  Rmifmmy  E\ 


LONDON :  CHARLES  GRIFFIN  &  CO..  LIMITED,  EXETER  STREET,  8TRAND. 


43  CHARLES  GRIFFIN  <fr  G0S8  PUBLICATIONS. 

GRIFFINS    LOCAL   GOVERNMENT    HANDBOOKS^ 

WOBKS  SUITABLE  FOR  MUNICIPAL  AND  COUNTY  ENGINEERS, 

ANALYSTS,  AND  OTHERS. 

Gas  Manufacture  (The  Chemistry  Of)-  A  Handbook  on  the  Pro- 
duction, Purification,  and  Testing  of  Illuminating  Gas,  and  the  Assay  of  Bye-Pro- 
ducts. By  W.  J.  A.  Butterfielm,  M.A.,  F.I.C.,  F.C.S.  With  Illustrations.  SIOOI) 
Edition,  Revised  and  Enlarged.  With  Section  on  Acktylenk.  10s.  6d.  [See  page 77. 
"  Well  deserving  a  place  in  every  gas  engineering  library."— Journal  of  Gas  btghtm§. 

Central  Electrical  Stations :  Their  Design,  Organisation,  and  Manage- 
ment.   By  C.  H.  Wordimuham,  A.E.C.,  M.  Inst.  C.E.    Price  24s.  net. 

for  details  see  opposite  page. 

Sewage  Disposal  Works  :  A  Guide  to  the  Construction  of  Works  for 
the  Prevention  of  the  Pollution  by  Sewage  of  Rivers  and  Estuaries.  By  W.  SARD 
Crimp,  li.Inst.CE.,  F.G.8.  Second  Edition,  Revised  and  Enlarged.  Large  8vo, 
Handsome  Cloth.    With  37  Plates.    Price  80s.  (See  page  76. 

"The  host  completk  and  best  treatise  on  the  subject  which  has  appeared  in  our 

language."— Edinburgh  Medical  Journal 

Trades'  Waste :  Its  Teatment  and  Utilisation,  with  Special  Reference 
to  the  Prevention  of  Rivers'  Pollution.  By  W.  Naylor,  F.C.S.,  A.  M.Inst. C.E. 
With  Numerous  Plates,  Diagrams,  and  Illustrations.  [See  page  77. 

Calcareous  Cements :    Their  Nature,  Preparation,  and  Uses.     With 
some  Remarks  upon  Cement  Testing.     By  Gilbert  Redgrave,  AssocInstCE. 
With  Illustrations,  Analytical  Data,  and  Appendices  on  Costs,  <fcc.   8s.  6d. 
"  Invaluable  to  student,  architect,  and  engineer."— Building  ATews.        [See  page  76. 

Road  Making  and  Maintenance :  A  Practical  Treatise  for  Engineers, 

Surveyors,  and  others.    With  an  Historical  Sketch  of  Ancient  and  Modern  Practice. 

By  Thomas  Aitken,  Assoc. M.Inst. C.E. ,  M.  Assoc.  Municipal  and  County  Eners.; 

M.  Son.  Inst.    With  numerous  Plates,  Diagrams,  and  Illustrations.    21s. 

[See  page  79. 

"Should  be  on  the  reference  shelf  of  every  Municipal  and  County  Engineer  in 
the  United  Kingdom. "—The  Surveyor. 


Light  Railways  at  Home  and  Abroad.    By  William  Hknry  Cole, 

M. Inst. C.E. .  late  Deputy  Manager,   North- Western  "Railway,  India.     Large  8vo, 
Handsome  Cloth,  Plates  and  illustrations.    16s.  [See  page  SO. 

11  Will  remain  for  some  time  yet  a  Standard  Work  in  everything  relating  to  Light 
Railways.'*— The  Engineer.  

Practical  Sanitation  :  A  Handbook  for  Sanitary  Inspectors  and  others 
interested  in  Sanitation.  By  Gko.  Rkid,  M.D.,  D.P.H.,  Medical  Officer,  Staffordshire 
County  Council.  With  Appendix  on  Sanitary  Law,  by  Herbert  Manley,  M.A.,  M.B., 
D.P.  H.    Eighth  Edition,  Revised.    6s.  [See  page  78. 

"A  handbook  useful  to  Samtary  INSPECTORS,  and  all  interested  in  Sanitary 

matters."— Sanitary  Record.  

Sanitary  Engineering:  A  Pr  ctical  Manual  of  Town  Drainage  and 
Sewage  and  Refuse  Di-posal.  By  Frank  Wood,  A.M.Inst.CE.,  F.Q  8.,  Borough 
Surveyor,  Fulham.    Fully  Illustrated.    8s.  6d.  net.  [See  page  78. 

Dairy  Chemistry :  A  Practical  Handbook  for  Dairv  Managers,  Chemists, 
and  Analysts.  By  H.  Droop  Richmond,  F.C.S.,  Chemist  to  the  Aylesbury  Dairy 
Company.    With  Tables,  Illustrations,  Ac.    Handsome  Cloth,  l's.  [See  page  73. 

"The  best  con  ikibution  to  the  subject  that  has  yet  appeared."— The  Lancet. 


<<  ■ 


Flesh  Foods :  With  Methods  for  their  Chemical,  Microscopical,  and 
Bacteriological  Examination.  A  Handbook  for  Medical  Men,  Inspectors,  Analysts, 
and  others.  By  C.  Ainsworth  Mitchell,  B.A.,  F.I.C.,  Mem.  Council  Soc.  of  Public 
Analysts.  With  numerous  Illustrations  and  a  coloured  Plate.  10s.  6d.  [See  page  74. 
"Will  save  Medical  Men,  Analysts,  Sanitary  Inspectors,  and  others  an  INFINITE 

AMOUNT  OF  reference.  "—The  Lancet. 


Foods :  Their  Composition  and  Analysis.  Bv  A.  Wtnter  Bltth, 
M.R.C.S.,  F.C.S. ,  Public  Analyst  for  the  County  of  Devon.  With  Tables,  Folding 
Plate,  and  Frontispiece.    Fourth  Edition,  Revised.    21s.  [See  page  72. 

"An  ADMIRABLE  DIGEST  ot  Vhe  mosA.  tomtoX  %\*\a  <A>ra^\*A^  "— OUmteai  A#w*. 

LONDON :  CHARLES  WlffM  &  W.,  \J«KW&,  VHB».TOSEX»TOM*. 
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ELECTRICAL  ENGINEERING.  43 

Jm  Large  800.     Handsome  Cloth.     Profusely  Illustrated  with  Plates, 

Diagrams,  and  Figure.     24s.  net. 

CENTRAL  ELECTRICAL  STATIONS: 

Their  Design,  Organisation,  and  Management. 

Including  the  Generation  and  Distribution  of  Electrical 

Energy. 

By  CHAS.    H.    WORDINGHAM, 

A.K.C.,  M.Inst.C.E.,  M.Inst. Mech.E., 

Late  Member  of  the  Council  of  the  Institute  of  Electrical  Engineers,  and  Electrical 

Engineer  to  the  City  of  Manchester. 


CONTENTS. 

Introductory. — Central  Station  Work  as  a  Profession. — Central  Station  Supply  as  an  In- 
vestment— The  Establishment  of  a  Central  Station  — Systems  of  Supply. — Choice  of  bite — 
Architectural  Features.  —  Choice  of  Plaat  and  General  Design.  —  Boilers  —  Systems  of 
Draught  and  Waste  Heat  Economy. — Methods  of  Firing  Boilers.— Coal  Handling,  Weighing, 
and  Storing. — Feeding  of  Boilers. — The  Transmission  of  Steam.— Generators. — Condensing 
Appliances. — Switching  Gear,  Instruments,  and  Connections. — Distributing  Mains. — Drawing- 
in  Systems. — Built-in  Systems,  Dielectrics. — Insulation,  Resistance,  and  Cost. — Distributing 
Networks  — Service  Mains  and  Feeders. — Testing  of  Mains. — Recording  and  Laying  of' 
Mains. — Meters  and  Appliances  on  Consumers'  Premises. — Standardising  and  Testing  Labor- 
atory.— Secondary  Batteries. — Street  Lighting  — Cost  of  Production. — Methods  of  Changing. 
— Regulations  of  Consumer's  Installations. — General  Organisations  of  a  Central  Station-  • 
The  Generating  Station. — The  Mains  Department  — The  Installation  Department. — The 
Standardising  Department. — The  Drawing  Office,  Transforming  Stations,  and  Street  Light- 
ing,—The  Clerical  Department. — The  Consumer. — The  Routine  and  Main  Laying. — Index. 

"  One  of  the  most  valuable  contributions  to  Central  Station  literature  we  have  had 
for  some  time.  We  wonder  at  the  industry  and  perseverance  which  have  produced  the 
volume  before  us." — Electricity. 


MUNBO  h  JAMIESON'S  ELECTRICAL  POCKET-BOOK, 
Fifteenth  Edition,  Revised  and  Enlarged. 

A    POCKET-BOOK 

or 

ELECTRICAL   RULES   &  TABLES 

FOR  THE  USE  OP  ELECTRICIANS  AND  ENGINEERS. 

By  JOHN  MUNRO,  C.E.,  &  Prof.  JAMIESON,  MJnst.C.E.,  F.R.S.B. 
With  Numerous  Diagrams.     Pocket  Size.     Leather,  8s.  6d« 

aiNlBAL     CONTENTS. 

Units  of  Measurement.  —  Measures.  —  Testing.  —  Conductors.  —  Dielectrics.  —  Submarine 
Cables. — Telegraphy. — Electro-Chemistry. — Electro-Metallurgy. — Batteries. — Dynamos  and 
Motors. — Transformers. — Electric  Lighting. — Miscellaneous. — Logarithms. — Appendices. 

"  Woan»nruixY  PsarBCT.     .    .     .     Worthy  of  the  highest  in— msailaiiii  we  can 
gba  It.*— Electrician. 

MTha  SrauMG   V ju.ua   of  Meant.    Mdmbo   and   JaamaoM*! 


LONDON:  CHARLE8  GRIFFIN  ft  CO.,  LIMITED,  EXETER  STREET,  8TRAN0. 


OMAMIM  BMimW  S  COS*  PURLWATIOMM. 


By  PB0FE8S0R8  J.  H.  POYHTING  k  J.  J.  THOMSON. 

In  Large  8vo.    Fully  Illustrated. 

A  TEXT-BOOK  OF   PHYSICS: 

OOMPRIttNO 

PROPERTIES  OF  MATTER;  SOUND;  HEAT;  MAGNETISM 
AND  ELECTRICITY;    AND  LIGHT. 

J.  H.  POYNTING,  J.  J.  THOMSON, 

SC.D.,  F.B.S.,  AND  H.A.,  1.1.8., 

!**•  Fellow  of  Trinity  College,  Cambridge;  Fellow  of  Trinity  College,  Cambridge:  Pfst 

Professor  of  Physic*.  Mason  College,  of  Experimental  Physics  in  the Unmntty 

Birmingham.  of  Cambridge. 


Volume  already  published,  Second  Edition,  Price  8s.  6d. 

SOUND. 

OomtBrTs.— The  Nature  of  8ound  and  its  chief  Characteristics.— The  Telocity  of  8ouod 
Is  Air  and  other  Media.— ReAVo'ton  and  Refraction  of  Sound. — Frequency  sod  Pitch  of 
Weiss.— Resonance  and  Forced  Oscillations.— Analysis  of  Vibrations.— The  Tranevens 
Vibration!  of  Stretched  Strings  or  Wires— Pipes  and  other  Air  Cavities.— Bods.— Plata*. 
—Membranes.— Vibrations  maintained  by  Heat.— Sensitive  Flames  and  Jets.— Musical 
-flsnd.— The  Superposition  of  Waves.— Index. 

"The work  .  .  .  maybe  recommended  to  anyone  desirous  of  possessing  an  bast 
•  nr-TO-DATs  Standabd  Treatise  on  Acoustics." — Literature 

"  Very  clearly  written.  .  .  .  The  names  of  the  authors  are  a  guarantee  of  the 
-  sorsvnvio  acctoacy  and  up-to-date  cbabacteb  of  the  work."— Educational  Timet. 


Introductory  Volume,  fully  Illustrated.    At  Press. 


Oovtbkts.  —  Gravitation.  —  The   Acceleration   of   Gravity.  —  Elasticity. —  Stresses  and 
Strains.— Torsion.— Bending   of   Bods.— Spiral  Springs—  Co lision.—  Compressibility  of 
Liquids. — Pressures  and  Volumes  of  Gases.— Thermal  Effects  Accompanying  Strain.— 
Capillarity.— Surfaoe  Tension.— Laplace's  Theory  of  Capiharity.— biffuaion  of  Liquids  - 
Diffusion  of  Gases.— Viscosity  of  Liquids.— Ihdbx. 


-In  large  8vo,  with  Bibliography,  Illustrations  in  the  Text,  and  seren 

Lithographed  Plates.     12s.  6d. 

THE  MEAN  DENSITY  OF  THE  EARTH: 

An  Essay  to  which  the  Adams  Prize  was  adjudged  in  1893  in 

t**e  University  of  Cambridge. 

BY 

J.  H.  POYNTING,  ScD.,  F.R.S., 

Late  Fellow  of  Trinity  College,  Cambridge;  Professor  of  Physics,   Masoft 

College,  Birmingham. 

N  An  account  of  this  subject  cannot  fail  to  be  of  osBAf  and  vniui  iftbebbt  to  the  scientific 
sjamd.    Especially  is  this  the  case  when  the  account  is  given  by  one  who  has  contributed  to 
rebiy  as  has  Prof.  Poyntlng  to  our  present  stats  of  knowledge  with  respect  to  a  very 
>  subject.    .    .   .    Remarkably  has  Newton's  estimate  been  verified  by  Prot  Popntiaj.*— 


LONDON:  (HURLES  GRIFFIN  &  CO.,  LIMITED,  EXETER  STREET,  8TRAND. 


NAUTICAL  W0RK8.  4$ 


16.  GRIFFIN'S    NAUTICAL   SERIES. 

Edited  bt    EDW.    BLACKMORE, 
Matter  Mariner,  First  Class  Trinity  House  Certificate,  Assoc  Inst.  N.A. ; 
And  Written,  mainly,  by  Sailors  for  Bailors. 

♦•This  admirable  sxjiixs.  "—FWrpfoy.        "A  very,  useful  enas."— Nature. 

••The  volumes  of  Messrs.  Griffin's  Nautical  Series  may  well  and  profitably  be 
cead  by  ALL  interested  in  our  hatiobal  maritime  progress."— Marin*  Engineer. 

"Every  Ship  should  have  the  whole  Sbribs  as  a  Reference  Libbabt.  Hahd- 
SOMELY  bound,  CLBABLT  printed  and  iLLUSTRATBD."— Liverpool  Journ.  of  Commerce. 

The  British  Mercantile  Marine:  An  Historical  Sketch  of  its  Rim 
and  Development.    By  the  Editor,  Capt.  Blaokmobb.    8s.  Od. 
"Captain  Blackmore's  bplbndib  book    .    .    .    contains  paragraphs  on  every  point 
of  Interest  to  the  Merchant  Marine.    The  243  pages  of  this  book  are  THB  most  VALU- 
ABLn  to  the  sea  captain  that  have  bvxr  been  compiled."— Merchant  Service  Review. 

Elementary  Seamanship.  By  D.  Wilson-Barker,  Master  Marines, 
F.K.8.B.,  F.R.G.&  With  numerous  Plates,  two  in  Colours,  and  Frontispiece). 
Sboond  Edition,  Revised.    6s.  „ 

•This  admirablb  manual,  by  Capt.  Wilson  Barker,  of  the  *  Worcester,  seen* 

SO  US  PERFECTLY  DESIGNED."— AOuTUXUm. 

SHOW  TOUT  Own  Ship :  A  Simple  Explanation  of  the  Stability,  Con- 
struction, Tonnage,  and  Freeboard  of  Ships.    By  TH08.  Walton,  Naval  Architect. 
With  numerous  Illustrations  and  additional  Chapters  on  Buoyancy,  Trim,  and 
Calculations.    Sixth  Edition,  Revised.    7s.  6d. 
"Mb.  Walton's  book  will  be  found  vbrt  useful."— The  Engineer. 

Navigation :  Theoretical  and  Practical.    By  D.  Wilson-Baucis, 

Master  Mariner,  dec,  and  William  Allinoham.    8s.  Od. 

••Prbcibilt  the  kind  of  work  required  for  the  New  Certificates  of  competency. 
Candidates  will  find  it  invaluable."— Dundee  Advertiser. 


ilarlne   Meteorology :    For    Officers    of    the   Merchant   Navy.       By 
William  Allinoham,  First  Class  Honours,  Navigation,  Science  and  Art  Department. 
With  Illustrations,  Maps,  and  Diagrams,  and  JaceimUe  reproduction  of  log  page. 
7s.  od. 
••Quite  the  BIST  publication  on  this  subject."— Shipping  Gazette. 

Latitude  and  Longitude :  How  to  find  them.    By  w.  j.  Millar, 

C.E.,  late  Sec  to  the  Inst,  of  Engineers  and  Shipbuilders  in  Scotland.    2s. 
'•Cannot  but  prove  an  acquisition  to  those  studying  Navigation.  —Marine  Engineer. 

Practical  Mechanics  :  Applied  to  the  requirements  of  the  Sailor. 
By  Tbzos.  Mackbnzix,  Master  Mariner,  F.R.A.S.  Second  Edition,  Revised.  8s.  Od. 
••  Wbll  worth  the  money  .    .    .  bxcbbdinolt  helpful."— Shipping  World. 

Trigonometry :  For  the  Young  Sailor,  Ac,    By  Rich.  C.  Buck,  of  the 
Thames  Nautical  Training  College,  H.M.8.  ••  Worcester."  Second  Edition,  Revised. 
Price  8s.  Od. 
"This  EMINENTLY  PRACTICAL  and  reliable  volume."— Sehoolmaeter. 

Practical  Algebra.     By  Rich.  C.  Buck.    Companion  Volume  to  the 

above,  for  Sailors  and  others.    Price  3a.  Od. 

'•  It  is  JUST  thx  book  for  the  young  sailor  mindful  of  progress.  —Nautical  Magazine. 

The  Legal  Duties  of  Shipmasters.    By  Benedict  Wm.  Ginsburg, 

M.A., LL.D.,  of  the  Inner  Temple  and  Northern  Circuit ;  Barrister- at-Law.    Price 

as.  Od. 

"  Invaluable  to  masters.    .   .    .    We  can  fully  recommend  It."— Shipping  Gazette. 

A  Medical  and  Surgrical  Help  for  Shipmasters.    Including  First 

Aid  at  Sea.    By  Wm.  Johnson  Smith,  F.R.C.S.,  Principal  Medical  Officer,  Seaman's 
Hospital,  Greenwich.    Second  Edition,  Revised.    6s. 
"Sound,  judicious,  really  helpful. —I1**  Lancet. 

DM  DON:  iHARLES  QRIFFIH  A  CO.,  UaiTO,HEf&  TOMTOM*. 


#  OMAMLM*  BMimW  S  00.1  PUMLIOATIOW* 

GRIFFINS  NAUTICAL  SERIES. 

Price  Se.  6d.     Post-free. 
THUS 

British  Mercantile  Marine. 

By  EDWARD    BLACKMORE, 

MASTER  MARINER ;   ASSOCIATE  OP  THE  INSTITUTION  OP  NAVAL  ARCHITECTS! 

MEMBER  OP  THE  INSTITUTION  OP  ENGINEERS  AND  SHIPBUILDERS 

IN  SCOTLAND  ;  EDITOR  OP  CRIPPIN*S  "NAUTICAL  SERIES.'* 

Gbnxral  Comtents.— Historical  :  From  Early  Timet  to  1486—  Pngnw 
under  Henry  VIII.— To  Death  of  Mary— During  Elizabeth's  Reign— Up  to 
the  Reign  of  William  III.— The  18th  and  19th  Centuries— Institution  of 
Examinations  —  Rise  and  Progress  of  Steam  Propulsion  —  Development  of 
Free  Trade— Shipping  Legislation,  1862  to  1875— "  Locksley  Hall*  Case- 
Shipmasters'  Societies— Loading  of  Ships — Shipping  Legislation,  1884  to  1804— 
Statistics  of  Shipping.  Thb  Personnel  :  Shipowners—  Officers— Mariners 
Duties  and  Present  Position.  Education  :  A  Seaman's  Education :  what  it 
should  be— Present  Means  of  Education— Hints.  Discipline  and  Duty— 
Postscript — The  Serious  Decrease  in  the  Number  of  British  Seamen,  a  Matter 
demanding  the  Attention  of  the  Nation. 

"  iKTBEXSTHf o  and  Instructive  .  .  .  may  be  read  with  profit  and  shjotmbxt.m~ 
eUupou  Herald. 

f%  Etbrt  branch  of  the  subject  la  dealt  with  In  a  way  which  shows  that  the  writer 
•  knows  the  ropes'  familiarly."— Scotsman. 

"This  admirable  book  .  .  .  TERMS  with  osefol  Information— Should  be  in  the 
heads  of  ©very  Sailor."—  Water n  Morning  New. 


*  Second  Edition.     Price  Ss.  Post-free. 


ELEMENTARY    SEAMANSHIP, 

BY 

D.  WILSON-BARKER,  Master  Mariner;  F.R.S.E.,  F.R.G.S.,&a,&a; 

YOUNGER  BROTHER  OF  THB  TRINITY  HOUSE, 

With  Frontispiece,  Twelve  Plates  (Two  in  Colours),  and  Illustrations 

in  the  Text. 

General  Contents.— The  Building  of  a  Ship;  Parts  of  Hull.  Masts, 
etc, — Ropes,  Knots,  Splicing,  &c.  —  Gear,  Lead  and  Log,  Ac.  —  Rigging, 
Anchors  —  Sailmaking — The  Sails,  &c — Handling  of  Boats  under  Sail  — 
Signals  and  Signalling— Rule  of  the  Road— Keeping  and  Relieving  Watch — 
Points  of  Etiquette— Glossary  of  Sea  Terms  and  Phrases — Index. 

•»*  The  Tolnme  contains  the  xsw  rules  or  tee  road. 

M  This  admirable  manual,  by  Oapt.  Wilsok-Barker  of  the  *  Worcester,'  seems  to  as 
rsmncTLT  dbsioeed.  and  holds  it*  place  excellently  in  •  Qrdto'i  Nautical  Series.  '  .  .  . 
Although  intended  for  those  who  are  to  become  Officers  of  the  Merchant  Nary,  it  will  be 
found  useful  by  all  TACHTSMSir."— Athmmum, 

"  Five  ■hillings  will  be  will  spent  on  this  little  book.  Oar.  Wilsow-Babxbr  knows 
from  experience  what  a  young  man  wants  at  the  outset  of  hit  career.'*— Th$  JSnginmr. 

V  For  complete  List  of  GRiimr'i  Nautioax.  Series,  see  p.  46. 
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GRIFFIN'S  NAUTICAL  SERIES, 

Price  8a.  6d.     Post-free. 

NAVIGATION 


Br  DAVID  WILSON-BARKER,  RN.R,  F.R.S.E.,  <fco.,  <fca, 

AND 

WILLIAM  ALLINGHAM, 

FIRST-CLASS  HONOURS,  NAVIGATION,  SCIENCE  AND  ART  DEPARTMENT. 

TOitb  numerous  SUustcaUons  and  Bjamtnation  Question* 

General  Contents. — Definitions — Latitude  and  Longitude — Instrument* 
of  Navigation — Correction  of  Courses — Plane  Sailing — Traverse  Sailing— Day's* 
Work  —  Parallel  Sailing — Middle  Latitude  Sailing  —  M  creator's  Chart — 
Meroator  Sailing — Current  Sailing — Position  by  Bearings— Great  Circle  Sailing1 
— Hm  Tides— Questions — Appendix :  Compass  Error — Numerous  Useful  Hints, 
fte. — Index* 

M  Prbcublt  the  kind  of  work  required  for  the  New  Certificates  of  competency  In  grade* 
from  Second  Mate  to  extra  Master.    .    .    .    Candidates  will  find  It  invaluable."— Dmndm 


"▲  capital  uttlb  book    .    .    .    specially  adapted  to  the  New  Examinations.    The 
are  Oapt.  Wilson-Barks*  (Captain-Superintendent  of  the  Nautical  College,  H.M.B. 


r,'  who  has  had  great  experience  in  the  highest  problems  of  Navigation),  and 
Mm  Allzvoxam,  a  well-known  writer  on  the  Science  of  Navigation  and  Nautical  Astronomy."* 
—Mhtpptmg  World. 


Handsome  Cloth.    Fully  Illustrated,     la.  6c/.     Post-Jree. 

MARINE    METEOROLOGY, 

FOR  OFFICERS  OF  THE  MERCHANT  NAV7. 
By  WILLIAM  ALLINGHAM, 

Joint  Author  of  "  Navigation,  Theoretical  and  Practical." 

With  numerous  Plates,  Maps,  Diagrams,  and  Illustrations,  and  a  facsimile* 
Reproduction  of  a  Page  from  an  actual  Meteorological  Log- Book. 

SUMMARY   OF   CONTENTS. 

Introductory.— Instrument*  Used  at  Sea  for  Meteorological  Purposes.— Meteoro- 
logical  Log-Books.— Atmospheric  Pressure.— Air  Temperatures.— Sea  Temperatures.— 
Wind*.— Wind  Force  Scales.— History  of  the  Law  of  Storms.— Hurricanes,  Seasons,  and 
Storm  Tracks.— Solution  of  the  Cyclone  Problem. — Ocean  Currents.— Icebergs.— Syn- 
ebsonous  Charts.— Dew,  Mists,  Fogs,  and  Haze.— Clouds.- Rain,  Snow,  and  Hail. — 
Mirage,  Rainbows,  Coronas,  Halos,  and  Meteors.— Lightning,  Corposants,  and  Auroras. — 
QmRfnoNS.— Appindix.— Index 

"Qnlte  the  best  publication,  and  certainly  the  most  istbrrstixg,  on  this  subject  ever 
pis—Pled  to  Nautical  nun." -Shipping  Oaaette. 

*#*  For  Complete  List  of  Griffin's  Nautical  Series,  see  p.  45. 
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0        omamxju  mwtwnw  s  •».••  fumlioa  noma. 
GRIFFIN'S   NAUTICAL  SERIES. 

Second  Edition,  Revised.     With  Numerous  Illustrations.    3s.  6d. 

Practical  Mechanics: 

Applied  to  the  [Requirements  of  the  Sailor. 

By    THOS.    MACKENZIE, 

Master  Mariner,  F.R.A.S. 

General  Contents. — Resolution  and  Composition  of  Forces — Work  dons 
by  Machines  and  Living  Agents — The  Mechanical  Powers:  The  Lever; 
Derricks  as  Bent  Levers — The  Wheel  and  Axle:  Windlass;  Ship's  Capstan; 
Crab  Winch— Tackles :  the  "Old  Man"— The  Inclined  Plane;  the  Screw— 
Hie  Centre  of  Gravity  of  a  Ship  and  Cargo  —  Relative  Strength  of  Rons : 
Steel  Wire,  Manilla,  Hemp,  Coir — Derricks  and  Shears — Calculation  of  the 
Cross-breaking  Strain  of  Fir  Spar— Centre  of  Effort  of  Sails — Hydrostatic]: 
the  Diving-bell ;  Stability  of  Floating  Bodies ;  the  Ship's  Pomp,  etc. 

"  This  excellent  book  .  .  .  contains  a  large  amount  of  information." 
— Nature. 

"  Well  worth  the  money  .  .  .  will  be  found  exceedingly  helpful."— 
Shipping  World, 

''No  Ships'  Officers'  bookcase  will  henceforth  be  complete  without 
•Captain  Mackenzie's  '  Practical  Mechanics.'  Notwithstanding  my  many 
rears'  experience  at  sea,  it  has  told  me  how  much  more  there  it  to  acquire."— 
{Letter  to  the  Publishers  from  a  Master  Mariner). 

"  I  must  express  my  thanks  to  you  for  the  labour  and  care  you  hare  taken 
in  'Practical  Mechanics.'  .  .  .  It  is  a  life's  experience.  .  .  . 
What  an  amount  we  frequently  see  wasted  by  rigging  purchases  without  reason 
and  accidents  to  spars,  &c,  &c. !  'Practical  Mechanics'  would  sate  all 
THIS." — (Letter  to  the  Author  from  another  Master  Mariner). 


WORKS  BY  RICHARD  C.  BUCK, 

of  the  Thame*  Nautical  Training  College,  H.M.S.  'Worcester.' 

A  Manual  of  Trigonometry: 

With  Diagrams,  Examples,  and  Exercises.    Post-free  8s.  6d. 

Second  Edition,  Revised  and  Corrected. 

%*  Mr.  Buck's  Text-Book  has  been  specially  prepared  with  a  view 
to  the  New  Examinations  of  the  Board  of  Trade,  in  which  Trigonometry 
is  an  obligatory  subject. 

"This  KifUfftHTLY  practical  and  abuablb  TOLom."— Schoolmaster. 

A  Manual  of  Algebra. 

Designed  to  meet  the  Requirements  of  Sailors  and  others.    Price  8s.  6d. 

•»•  These  elementary  works  on  algebra  and  trioowoitbtbt  are  written  specially  for 
those  who  will  have  little  opportunity  of  consulting  a  Teacher.  They  are  books  for  "gaxa> 
■XLF."  All  bat  the  simplest  explanations  have,  therefore,  been  avoided,  and  Airtwm  as 
the  Exercises  are  given.  Any  person  may  readily,  by  oarefnl  study,  become  master  of  their 
contents,  and  thus  lay  the  foundation  for  a  further  mathematical  course,  if  denired.  It  It 
hoped  that  to  the  younger  Officers  of  our  Mercantile  Marine  they  will  be  fonnd  decidedly 
serviceable.  The  Examples  and  ExeroiftSB  are  taken  from  the  Examination  Papers  set  for 
the  Oadets  of  the  "  Worcester." 

"  Clearly  arranged,  and  well  got  op.  .  .  .A  first-rate  Elementary  Algebra.  — 
Nautical  Magazine. 

V  For  complete  List  of  Quito's  Nautical  Sbjuxs,  see  p.  46. 
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KAUTIOAL  WORKS. 


GBIFFIN'S  NAUTICAL  SERIES. 

In  Crown  870.    Handsome  Cloth.    4s.  6d.    Post-free. 

THE  LEGAL  DUTIES  OF  SHIPMASTERS. 

BY 

BENEDICT  WM.   GINSBURG,  M.A.,  LL.D.  (Cantab.), 

Of  the  Inner  Temple  and  Northern  Circuit;  Barrister-at-Law. 

General  Contents.— The  Qualification  for  the  Position  of  Shipmaster— The  Con- 
tract with  the  Shipowner— The  Master'!  Duty  in  respect  of  the  Crew :  Engagement ; 
Apprentices;  Discipline ;  Provisions,  Accommodation,  and  Medical  Comforts ;  Payment 
of  wages  and  Discharge— The  Master's  Duty  in  respect  of  the  Passengers— The  Master's 
financial  Responsibilities— The  Master's  Duty  in  respect  ot  the  Cargo— The  Master's 
Duty  in  Case  of  Casualty— The  Master's  Duty  to  certain  Public  Authorities— The 
Master's  Duty  in  relation  to  Pilots,  Signals,  Flags,  and  Light  Dues— The  Master's  Duty 
fipon  ArritlJ  at  the  Port  of  Discharge— Appendices  relative  to  certain  Legal  Matters : 
■OBfd  of  Trade  Certificates,  Dietary  Scales,  Stowage  of  Grain  Cargoes,  Load  Line  Regula- 
tions, Life-saving  Appliances,  Carriage  of  Cattle  at  Sea,  Ac,  Ac— Copious  Index. 

"  No  Intelligent  Master  should  (ail  to  add  this  to  his  list  of  necessary  books.  A  few  lines 
of  it  may  save  a  lawtkb's  fee,  besides  endless  worry." —Liverpool  Journal  of  Commerce 

"  Sewsxblk,  plainly  written,  in  gleab  and  non-technical  laxquage,  and  will  be  found  of 
siuch  aEmnca  ny  the  Shipmaster."— British  Track  Review. 


Crown  8vo,  with  Diagrams.     2s.     Post-free. 

Latitude  and  Longitude: 

How    to    Find    them. 

By   W.   J.   MILLAR,   C.E., 

Late  Secretary  to  the  Inst,  of  Engineer*  and  Shipbuilders  in  Scotland. 

"  Concisely  and  clearly  written  .    .   .    cannot  but  prove  an  acquisition 
+0  those  studying  Navigation." — Marine  Engineer. 

"  Young  Seamen  will  find  it  handy  and  useful,  simple  and  clear."—  Th* 


FIRST  AID   AT  SEA. 

Second  Edition,  Revised.    With  Coloured  Plates  and  Numerous  Illustra- 
tions, and  comprising  the  latest  Regulations  Respecting  the  Carriage 
of  Medical  Stores  on  Board  Ship.     Post-free.    6s. 

A  MEDICAL  AND  SURGICAL  HELP 

FOR  SHIPMASTERS  AND  OFFICERS 
IN   THE  MERCHANT  NAVY. 

BY 

WM.      JOHNSON     SMITH,    F.R.O.S., 

Principal  Medical  Officer,  Seamen's  Hospital,  Greenwich. 

%•  The  attention  of  all  interested  in  our  Merchant  Navy  is  requested  to  this  exceedingly 
«s*fnl  aad  valoable  work.  It  is  needless  to  say  that  it  is  the  outcome  of  many  years 
raaonoAL  axnuavcx  amongst  Seamen. 

MBotnn>,  judicious,  kballt  hblptul  "—The  Lancet. 

•##  For  Complete  List  of  Griffin's  Nautical  Series,  see  p.  45. 
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GRIFFIN'S  NAUTICAL  SERIES. 

Sixth  Edition.     Revised,  with  Chapter*  on  Trim.  Buoyancy, 

and  Calculations.    Numerous  Illustrations.    Handsome 

Cloth,  Crown  8vo.    7s,  6d. 

KNOW  YOUR  OWN  SHIP. 

By  THOMAS  WALTON,  Naval  Architect. 

IPIOIALLT    ARRANGED    TO    SUIT    THE    REQUIREMENTS    OT    SHIPS'  OFFICERS, 
SHIPOWNERS,   SUPERINTENDENTS,   DRAUGHTSMEN,   ENGINEERS, 

AND  OTHERS. 

This   work   explains,  in   a  simple  manner,   such   important 
•ubjecta  as: — 


Displacement, 

Deadweight, 

Tonnage, 

Freeboard, 

Moments, 

Buoyancy, 

Strain, 

Structure, 


Stability, 
Rolling, 
Ballasting, 
Loading, 
Shifting  Cargoes, 
Admission  of  Water, 
Sail  Area, 
&c,  &c. 


M  The  little  book  will  be  found  exceedingly  handy  by  most  officer!  and 
elnouJa  connected  with  shipping.  .  .  .  Mr.  Walton's  work  will  obtain 
lasting  success,  because  of  its  unique  fitness  for  those  for  whom  it  has  been 
written."— Shipping  World, 

"  An  excellent  work,  full  of  solid  instruction  and  invaluable  to  every 
officer  of  the  Mercantile  Marine  who  has  his  profession  at  heart." — Shipping. 

"  Not  one  of  the  242  pages  could  well  be  spared.  It  will  admirably  fulfil  its 
purpose  .  .  .  useful  to  ship  owners,  ship  superintendents,  ship  draught*- 
men,  and  all  interested  in  shipping." — Liverpool  Journal  of  Commerce. 

"  A  mass  of  very  useful  information,  accompanied  by  diagrams  and  illus- 
trations, is  given  in  a  compact  form." — Fairplay, 

"  We  have  found  no  one  statement  that  we  could  have  wished  differently 
expressed.  The  matter  has,  so  far  as  clearness  allows,  been  admirably  con- 
densed, and  is  simple  enough  to  be  understood  by  every  seaman.  "—Marin* 
tinoinccr. 


BY    THE    SAME    AUTHOR. 


Steel  Ships:  Their  Construction  and  Maintenance. 

(See  page  38.) 
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GEOLOGY,  MINING,  AND  METALLURGY. 


5* 


8.  Griffin's  Geological,  Prospecting,  Mining, 
Metallurgical  Publications. 


and 


ry,  Stratigraphical, 

Physical, 

Practical  Aids, 

Open  Air  Studies, .  „  ,, 

's  "New  Land"  Series,  Ed.  by  Prop.  Cole,     . 
meeting  for  Minerals,    S.  Herbert  Cox,  A.R.S.M., 


R.  Eth bridge,  F.R.S., . 
Prof.  H.  O.  Seeley,  . 
Prof.  Grenville  Cole, 


Robt.  Bruce, 

H.  R.  Mill,  D.Sc.,  F.R.S.E., 

Prof.  James  Lyon, 

Prof.  Le  Neve  Foster, 

H.  W.  Hughes,  F.G.S., 

G.  L.  Kerb,  M.Inst.M.E.,     . 


f  Supply, . 
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cal  Coal  Mining,    . 
ntary         „  „  „ 

eum,  ....         Redwood  and  Holloway, 
dbook  on  Petroleum,   J.  H.  Thomson  and  Dr.  Redwood,  60 
Surveying,  Bennett  H.  Brough,  A.R.S.M.,  56 
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66 
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85 
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lg  and  Explosives,        O.  Guttmann,  A.M.I.C.E., 

Accounts, .  Prof.  J.  G.  Lawn, 

f  Engineers'  Pkt.-Bk.,    E.  R.  Field,  M.Inst.M.M., 
UTgy  (General),  Phillips  and  Bauerman, 

(Elementary),        Prof.  Humboldt  Sexton, 
ng,    .  J.  J.  &  C.  Berinker,   . 

urgical  Analysis,  .       J.  J.  Morgan,  F.C.S.,    . 

'8  Metallurgical  Series  Ed.  by  Sir  W.  Roberts-Austen,    62 


>duction, . 
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land  Silver,  „ 
,  Metallurgy  of, 

Ilurgical  Machinery, 
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e  Process, 
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^-Metallurgy,  . 
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lith  and  Jeweller's  Art,  Thos.  R  Wioley,  . 


Sir  W.  Robkrts-Au8ten,  K.O.B.,  68 
Dr.  Kirkk  Rose,  A.R.S.M.,  63 
H.  F.  Collins,  A.R.S.M.,  .  64 
Thos.  Turner,  A.R.S.M.,  .  65 
F.  W.  Harbord,  A.R.S.M  ,  .  65 
H.  C.  Jenkins,  A.R.S.M.,  .  65 
J.  C.  F.  Johnson,  F.G.S.,  .  59 
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5»  GHARLMS  GMFFUr  A  GO.'S  PUBLICATIONS. 

Demy  Svo,  Handsome  cloth,  18$. 

Physical  Geology  and  Paleontology, 

OX   TEE  BASIS   OF  PHILLIPS. 

BY 

HARRY    GOVIER    SEELEY,    F.R.S, 

professor  of  geography  m  king's  com  warn,  London. 

TOitb  ftorxtispiccc  in  Cbrom<vXttbO0rapbr,  anb  SUtuttatfoit* 

M  It  is  impossible  to  praise  too  highly  the  research  which  Pkofkssok  Ssmifi 
•  Physical  Geology  '  evidences,  It  is  par  mors  than  a  Text-book— it  ■ 
a  Directory  to  the  Student  in  prosecuting  his  researches." — PnsuUmtiml  Ad- 
dress to  the  Geological  Society,  1885, by  Rev.  Prof.  Bounty,  D.Sc,  LL.D.,  /JU 

**  Professor  Sbeley  maintains  in  his  '  Physical  Geology  '  the  hsjk 
reputation  he  already  deservedly  bears  as  a  Teacher."  —  Dr.  Henrjf  Wool 
ward,  F.R.S.,  in  the  "  Geological  Mogaame." 

"  Professor  Sebley's  work  includes  one  of  the  most  satisfactory  Tieatiaai 
on  Lithology  in  the  English  language." — American  fowrnal  of  Enginotrmg. 


Demy  8vo,  Handsome  cloth,  84s. 

StratigrapMcal  Geology  &  Palaeontology, 

OJf   THE   BASIS    OF  PHILLIPS. 

BY 

ROBERT    ETHERIDGE,    F.R.S, 

OF  THB  NATURAL  HIST.  DEPARTMENT.  BRITISH  MUSEUM,  LATH  PALEONTOLOGIST  TO  TBS 
GBOLOGICAL  SURVEY  OP  CRRAT  BRITAIN,  PAST  PRESIDENT  OP  THE 

GEOLOGICAL  SOCIETY,  ETC 

TOitb  Aap,  numerous  Cables,  anb  ZbitVfr#tt  platen 


M  Mo  mch  compendium  of  geological  knowledge  has  ever  been  brought  together 
WmiammsUr  Rtvisw. 

"  If  Prop.  Sebley's  volume  was  remarkable  for  its  originality  and  (he  breadth  of  its 
Mr.  Etmsridge  fully  justifies  the  assertion  made  in  his  preface  that  bis  book  4k 
suuUmjh  and  detail  from  any  known  manual,     .    .    .    Must  take  high  rank 

OF  REFERENCE.  *—A  tkfMmum. 


OPEfl-AIR  STUDIES  IH  GEOLOGY: 

An  Introduction  to  Geology  Out-of-doors. 

By  PROFESSOR  GRENVILLE  COLE,   M.R.LA.,  F.OS. 

For  details,  see  Griffin's  Introductory  Science  Series,  p.  85. 
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Just  out.     Crown  %vo.     Handsome  Cloth.     2s.  &/. 

RESEARCHES  ON  THE  PAST  AND  PRESENT  HISTORY 

OF 

'HE     EARTH'S    ATMOSPHERE. 

Including  the  latest  Discoveries  and  their  Practical  Applications. 

By  DR.  THOMAS  LAMB  PHIPSON. 

IRT  I.— The  Earth's  Atmosphere  in  Remote  Geological  Periods. 
PART  II. — The  Atmosphere  of  our  Present  Period. 

Appendices;  Index. 

*##  Dr.  Phipson's  work  presents,  amidst  much  which  is  of  interest  to  the 

ientist  and  the  General  Reader  alike,  a  short  risumi  of  his  discovery  of  the 

igin  of  Atmospheric  Oxygen,  the  existence  of  which  he  attributes  wholly  to 

5  action  of  Solar  Radiation  upon  vegetable  life.     The  book  will  be  found 

>lete  with  much  that  is  new,  curious,  and  interesting,  both  in  connection  with 

eather  Lore,  and  with  Scientific  Meteorology. — Publishers  Note. 

"  The  book  should  prove  of  interest  to  general  readers,  as  well  as  to  meteorologist* 
1  other  students  of  science."— Mature. 


By  GRENVILLE  A.  J.  COLE,  M.R.I. A.,  F.G.S., 

of  Geology  in  the  Royal  College  of  Science  for  Ireland,  and  Examiner  in  the 

University  of  London. 

See  also  page  85  and  the  two  jollowing  pages  (54,  55). 

AIDS    IN 

PRACTICAL    GEOLOGY: 

WITH  A    SECTION  ON  PALMONTOLOGY. 

It  PROFESSOR  GRENVILLE  COLE,  M.R.I.A.,  F.G.& 

New  Edition.     With  Frontispiece  and  Illustrations. 
Cloth,  zos.  6d.      Shortly. 

GENERAL    CONTENTS.— 

PART     I.— Sampling  of  the  E auto's  Crust. 
PART    II.— Examination  of  Minerals. 
PART  III. — Examination  of  Rocks. 
PART  IV.— Examination  of  Fossils. 

M  FroC  Cole  treats  of  the  examination  of  minerals  and  rocks  in  a  way  that  has  neve* 
m  attempted  before  .  .  .  dbssxvimg  or  the  highest  praise.  Here  indeed  are 
ids'  innumerable  and  invaluable.  All  the  directions  are  given  with  the  utmost  dear* 
■  aad  precision."— -Atiunmum. 

"That  the  work  deserves  it*  title,  that  it  is  full  of  'Aids/ and  in  the  highest  degree 
LACTiCAL,'  will  be  the  verdict  of  all  who  use  it"— Nmhtrw. 

44  This  EXCELLENT  MANUAL     .     .     .     Will  be  A  VEKV  GKBAT  HELP.      .      .     .      The  SeCtlOE 

of  Fossils  is  probably  the  best  of  its  kind  yet  published.    .    .    .    Full 
information  from  the  newest  sources  and  from  personal  research." — Annmh 
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GRIFFIN'S  "NEW  LAND"  SERIES, 

Practical  Hand- Books  for  the  Use  of  Prospectors,  Explorers, 

Settlers,  Colonists,  and  all  Interested  in  Hie  opening 

up  and  Development  of  New  Lands. 

Edited  by  GRENVILLE  A.  J.  COLE,  M.R.I.A.,  F.G.S., 

Professor  of  Geology  in  the  Royal  College  of  Science  for  Ireland,  and  Examiner  in 

the  University  of  London. 


In  Crown  Svo.     Handsome  doth.    6s. 
With  Numerous  Maps  Specially  Drawn  and  Executed  for  this  Work. 

NEW     LANDS: 

THEIR    RESOURCES    AND    PROSPECTIVI 

ADVANTAGES. 

By  HUGH  ROBERT  MILL,  D.Sc,  LL.D.,  F.R.S.E., 

Librarian  to  the  Royal  Geographical  Society. 

Introductory.— The  Development  of  New  Lands— The  Dominion  of 
Canada.  —  Canada,  Eastern  Provinces.  —  Canada,  Western  Province*  and 
Territories. — Newfoundland. —The  United  States. — Latin  America,  Mexico,— 
Latin  America,  Temperate  Brazil  and  Chili. — Latin  America,  Argentina. — 
The  Falkland  Islands. — Victoria.— New  South  Wales.— Queensland. — South 
Australia. —Tasmania. — Western  Australia.— New  Zealand.— The  Resources 
of  South  Africa.— Southern  Rhodesia. — Index. 

"Painstakixo    .    .    .    complete    .    .    .    of  great  nucTicxL  assistance.'  —  The  FM. 

"A  wnnt  admirably  supplied.    .    .    .    Has  the  advantage  of  being  written  by  a  pro- 
fessed Geographer. "— Geographical  Journal. 


IN  PREPARATION. 
BUILDING  CONSTRUCTION  in  WOOD,  STONE,  ajtd 
CONCRETE.  By  James  Lyon,  M.A,  Professor  of  En- 
gineering in  the  Royal  College  of  Science  for  Ireland; 
sometime  Superintendent  of  the  Engineering  Department  in 
the  University  of  Cambridge;  and  J.  Taylob,  A.R.C.S.L 


%*  Other  Volumes,  dealing  with  subjects  of  Primary 
Importance  in  the  Examination  and  Utilisation  of  Land* 
which  have  not  as  yet  been  fully  developed,  are  in  preparation. 
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GRIFFIN'S    "NEW    LAND"    SERIES. 

Smooin>  Edition,  Revised.    With  Illustrations.    Price  in  Cloth,  6s. ;  strongly 

bound  in  Leather,  6s.  Od. 

PROSPECTING  FOR  MINERALS. 

A  Practical  Handbook  for  Prospectors,  Explorers,   Settlers,  and  all 
interested  in  the  Opening  up  and  Development  of  New  Lands. 

BY 

S.  HERBERT  OOX,  Assoc.RS.M.,  M.Inst.M.M.,  F.G.S.,  Ac 

GxffVBAL  Contents. — Introduction  and  Hints  on  Geology— The  Determina- 
tion  at  Minerals :  Use  of  the  Blow-pipe,  &c. — Rock-forming  Minerals  and  Non- 
Metallio  Minerals  of  Commercial  Value :  Rock  Salt,  Borax.  Marbles,  Litho- 
graphic Stone,  Quarts  and  Opal,  Ac. ,  Ac.  —Precious  Stones  and  Gems — Stratified 
lleposits:  Coal  and  Ores— Mineral  Veins  and  Lodes — Irregular  Deposits— 
Dynamics  of  Lodes :  Faults,  &c.— Alluvial  Deposits— Noble  Metals :  Gold, 
Platinum,  Silver,  &c— Lead — Mercury— Copper— Tin— Zinc— Iron— Nickel, 
4a — Sulphur,  Antimony,  Arsenic,  &c. — Combustible  Minerals— Petroleum— 
General  Mints  on  Prospecting— Glossary— Index. 

"This  ADMIRABLI  LITTLK   WORK     .     .     .     written  With  SCIENTIFIC  ACCURACY  in   a 

CLia  and  lucid  style.   ...   An  important  addition  to  technical  literature  .   .   . 
ill  be  of  value  not  only  to  the  Student,  but  to  the  experienced  Prospector.    .    .    . 
U  the  succeeding  volumes  of  the  Nhw  Land  Scrubs  are  equal  in  merit  to  the  First,  we 
srast  congratulate  the  Publishers  on  successfully  filling  up  a  gap  in  existing  literature. 
—Mininf  Journal. 

"This  BXOILLINT  handbook  will  prove  a  perfect  Vade-mecum  to  those  engaged  in 
the  practical  work  of  Mining  and  Metallurgy."— rimtfff  of  Africa. 


With  many  Engravings  and  Photographs.    Handsome  Cloth,  4s.  6d. 

FOOD      SUPPLY. 

Bt   ROBERT   BRUOE, 

Agricultural  Superintendent  to  the  Bojal  Dublin  Society. 

With  Appendix  on  Preserved  Foods  by  C.  A.  Mitchell,  B.A.,  F.LC. 

Gxkxral  Contents. — Climate  and  Soil— Drainage  and  Rotation  of 
Grope— Seeds  and  Crops — Vegetables  and  Fruits— Cattle  and  Cattle- 
Breeding — Sheep  and  Sheep  Rearing— Pigs— Poultry — Horses — The  Dairy 
— The  Farmer's  Implements— The  Settler's  Home. 

"  BSXSTLSS  with  INFORMATION."— Farmers'  Gazette. 

"  The  work  is  one  which  will  appeal  to  those  intending  to  become  farmer*  at  home 
•r  in  the  Colonies,  and  who  desire  to  obtain  a  general  idea  of  the  true  principles  of 
(arming  In  all  its  branches."— Journal  of  the  Royal  Colonial  Inst. 

"A  most  rradabli  and  valuable  book,  and  merits  an  ■xtutbiti  sali."— Aoottfs* 


"  Will  prove  of  service  in  ant  part  or  thb  world."-  Nature. 
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CHARLES  GRIFFIN  *  CQ.'S  PUBLICATIONS. 


Fourth  Edition,  Revised,  and  brought  thoroughly  up-to-date  by  L.  H. 

Cook*,  Instructor  in  Mine  Surveying,  Royal  College  of  Science. 

With  Frontispiece  and  716  Illustrations.    Price  34a. 

ORE  &  STONE  MINING. 

BY 

C.  LE  NEVE  FOSTER,  D.Sc,  F.R.S., 

«  OF  MINtNC  ROYAL  COLLRGB  «F  SCIBNCB  ;  EXAMINER  IM  MINING  T*> 
THE  BOARD  OF  EDUCATION. 


GENERAL  CONTENTS. 

DITRODUCTION.  Mode  of  Occurrence  of  Minerals.— ProspeetliM.—ssortngv 
—Breaking  Ground.— Supporting  Excavations.— Exploitation.— Haulage  or 
Transport.— Hoisting  or  winding.  —  Drainage.  —  Ventilation.  —  Lighting. - 
Desoent  and  Ascent.— Dressing— Principles  ofBmployment  of  Mining  Labour* 
—Legislation  aOsettng  Mines  and  Quarries.  —  Condition  of  tfee 
Aessoents.— Index. 

MDr.  Foster's  book  wm  eaucued  to  be  arocii-itAKiMe,  and  it  fatty  jmatiias  1 

...    A  most  admirarlb  account  of  tho  nssdo  of  occurence  of  pnctiaUy  MX 
mimrraxr.   Probably  stsada  raaiTAtxa9fercoBplot«mc»*>''~  Th*Mi 

'1Mb  bvocx-makiski  work    .    .    .    appeals  to  Maw  or  tmrnmnem 
Umta/'—Brrg'  mtd  HSUtnmSnnimha  Zritmur. 
"This  splbhdid  work." — OttUrr.  Zttchrft.  /©r  Btrg-  mid HtitUmm** 


ELEMENTARY    MINING    AND    QUARRYING 

(An  Introductory   Text-book).      By   Prof.   0.   Lx    Net* 
Foster,  F.R.S.  [In  Active  Preparation. 

A    TREATISE    ON    MINE-SURVEYING: 

For  ths  uss  of  Managers  of  Minos  and  Collieries,  8tudents 
at  the  Royal  8ohool  0/  Mines,  As* 

By   BENNETT   H.    BROUGH,    F.G.S.,  ASSOC.R.S.M., 

Formerly  Instructor  of  Mioe-Smyeyuig,  Royal  School  of  Minns* 

Ninth  Edition,  Revised  and  Enlarged.     With  Numerous  Diagram*. 

Cloth,  7*.  6d> 

Gknexal  Contents, 

Qeneral  Explanations—  Measurement  of  Distances — Miner's  Dial — Variatfoa  of 
she  Magnetic-Needle — Surveying  with  the  Magnetic-Needle  in  presence  of  Iroa— 
Si  ill)  lug  with  the  Fixed  Needle—German  Dial—Theodoiite—TraTersmg  Ussier* 
I— Surface-Surreys  with  Theodolite— Plotting  the  Survey—  QJctdaftsoa  of 
Levelling — Connection  of  Underground-  and  Hmfsm  ^mwifs    Misjiniag 

— Mine-Si 


Distances  by  Telescope — Setting-out — Mine-Surveying  Problems — Mine 
Applications  of  Magnetic-Needle  in  Mining — Photographic  Surveying — Af*§mdit*». 

**Has  frovbd  itself  a  valuablr  Text-book ;  the  bist,  if  not  the  only  one,  in  the  TfitfKih 
language  on  the  subject." — Mining  J«mmaL 

**  No  English -speaking  Mme  Agent  or  Mining  Student  will  consider  his 


A  valuable  accessory  to  Surveyors   in  every  department  of  c 
Fully  deserves  to  hold  its  position  as  a  standard.'  -  C*lii*ry  ** J* 
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FOURTH    EDITION,    Revised  and  Greatly   Enlarged.       With   Nurture** 

Additional  Illustrations  >  mostly  reduced  from   Working 

Drawings.      Price  241.  tut. 

A  TEXT-BOOK  OF  COAL-MINING : 

FOR  THE  USE  OF  COLLIERY  MANAGERS  AND  OTHERS 
ENGAGED  IN  COAL-MINING. 

BY 

HERBERT    WILLIAM    HUGHES,    F.G.S., 

Royal  School  of  Mines,  General  Manager  of  Sandwell  Park  Colliery. 


GENERAL    CONTENTS. 
Geology. — Search   for   Coal. — Breaking   Ground. — Sinking. — Preliminary 
Operations.  —  Methods  of  Working.  —  Haulage.  —  Winding.  —  Pumping. — 
Ventilation. — Lighting. — Works  at  Surface. — Preparation  of  Coal  for  Market. 
— Index. 

*•  Quite  tmm  bmt  book  of  it*  kind  ...  at  practical  in  aim  as  a  book  can  be  .  .  . 
Th*  illustrations  are  KXCMLvmnT."—Ath*tueum. 

**  We  cordially  recommend  the  work."—  Colliery  Guardian. 

"  Will  soon  come  to  be  regarded  as  the  standard  work  of  its  kind." — Birmingham 
Daily  Gamtts. 


In  Large  Svo,  with  Illustrations  and  Folding-Plates,     ior.  64 

BLASTING: 

AND    THE    USE    OF    EXPLOSIVES. 

A  Handbook  for  Engineers  and  others  Engaged  in   Mining, 

Tunnelling,  Quarrying,  &c. 

By  OSCAR  GUTTMANN,  Assoc  M.  Inst.  CE. 

Member  of  the  Sectetus  e/CMl  Engineers  and  Architect*  e/Vitnna  and  Buda/eet, 
Corresponding  Member  •/the  Imp.  Roy.  Geological  Institution  ef  Austria,  oW. 

Genual  Contents.— Historical  Sketch— Blasting  Materials— Blasting  Pow- 
der— Various  Powder-mixtures— -Gun-cotton — Nitro-glycerine  and  Dynamite-— 
Other  Nitre-compounds — Sprengel's  Liquid  (acid)  Explosives  —Other  Means  of 
Watting  Qualities,  Dangers,  and  Handling  of  Explosives  Choice  of  Blastii«g 
inatariaii  Apparatus  for  Measuring  Force — Blasting  in  Fiery  Mines — Means  ef 
Igniting  Charges — Preparation  of  Blasts; — Bore-holes — Machine-drilling — Chamber 
Mines  Charging  of  Bore-holes — Determination  of  the  Charge— Blasting  in  Bore- 
holes— Firing — Straw  and  Fuze  Firing — Electrical  Firing:— Substitutes  for  Electrical 
Firing — Results  of  Working — Various  Blasting  Operations — Quarrying — Blasting 
Masonry,  Iron  and  Wooden  Structures — Blasting  in  earth,  under  water,  of  ice,  ftc 

"  This  ADxrmABLX  work."— Colliery  Guardian. 

"  Should  psora  a  vade-mecum  to  Mining  Engineers  and  all  engaged  in  practical  work, 
—from  and  Coal  Trades  Review. 
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|S  OH  A  BLEB  OXIFFIN  *  OO.'M  PUBLIC  A  TIOHB. 

In  Large  Svo,    Second  Edition.    Price  10s.  6aT. 

Mine  Accounts  and  Mining  Book-keeping. 

For  Students,  Managers,  Secretaries,  and  others. 

With  Examples  taken  from  Actual  Practice  of  Leading  Companies. 

BY 

JAMES  GUNSON  LAWN,  Assoc. R.&.M.,  Assoc.  Mem.Inst.C.E.,  F.G.8., 
Professor  of  Mining  at  the  South  African  School  of  Mines,  Capetown, 

Khnberley,  and  Johannesburg 

Edited  by  C.  LE  NEVE  FOSTER,  D.Sc.,  F.R.S., 

Professor  of  Mining,  Royal  School  of  Mine*,  and  Examiner  in  Mining  to  the 

Board  of  Education. 

General  Contents.— Introduction.— Part  I.  Engagement  and  Pay- 
ment of  Workmen.— Part  II.  Purchases  and  Sales.— Part  III.  Working 
Summaries  and  Analyses.  —  Part  IV.  Ledger,  Balance  Sheet,  and  Company 
Books. — Part  V.  Reports  and  Statistics. 

"It  teems  imfomiblx  to  suggest  how  Mr.  Lawv'b  book  could  be  made  more  001 
more  valuable,  careful,  and  exhaustive."— Accountants  Magatine. 


Second  Edition.     Large  Crown  8vo.     Handsome  Cloth.     With  orer 
520  Illustrations  in  the  Text.     12s.  6d. 

PRACTICAL  COAL-MININGs 

A    MANUAL     FOR     MANAGERS,     UNDERMANAOERS, 
COLLIERY    ENGINEERS,     AND    OTHERS. 

With  Worked-out  Problems  on  Haulage,  Pumping,  Ventilation,  etc 

By  GEORGE   L.   KERR,   M.E.,   M.Inst.M.E., 

Colliery  Manager. 

"An  xssbntiallt  pbactical  WOKR,  and  can  be  confidently  recommended.     No  department 
of  Coal-Mining  has  been  overlooked."—  Engineer*  Gazette. 

"This  book  just  kbits  the  wants  of  Students  preparing  for  the  Colliery  Manager*'  1 
atlons.    I  hare  decided  to  use  it  for  oar  classes  here.    .    .    .    We  hare,  I  believe,  the 
mining  clan  in  Great  Britain.  "—The  Principal  of  a  Training  College. 


Ready  Immediately.    In  Crown  8vo.    Handsome  Cloth. 

Fully  Illustrated. 

ELEMENTARY   COAL-MININGi 

For  the  Use  of  Students,  Miners,  and  others  preparing 

for  Examinations. 

By  GEORGE  L.  KERR,  M.E.,  M.Inst.M.E., 

Author  of  "  Practical  Coal- Mining." 

Specially  designed  to  meet  the  Requirements  of  Students  attending 

Classes  on  Coal- Mining, 
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MINING  AND  METALLURGY.  59 

With  Illustrations  and  Plates.    Handsome  Cloth. 

THE  CYANIDE  PROCESS  OF  GOLD  EXTRACTION. 

A  Text-Book  for  the  Use  of  Metallurgists  and  Students  at 

Schools  of  Mines,  do. 

Bt   JAMES    PARK,   F.G.S.,  M.I*st.M.M., 

Professor  of  Mining  and  Director  of  the  Otago  University  School  of  Mines ;  late  Director 

Thames  School  of  Mines,  and  Geological  Surveyor  and  Mining  Geologist 

to  the  Government  of  New  Zealand. 

Exgush  Edition.  Thoroughly  Revised  and  Greatly  Enlarged  from  the 
Third  (1897)  (New  Zealand)  Edition.  With  additional  details  con- 
cerning the  Siemens-Halske  and  other  recent  processes. 

Contents. — The  Mac  Arthur  Process. — Chemistry  of  the  Process. — 
Laboratory  Experiments. — Control  Testing  and  Analysis  of  Solutions. — 
Appliances  for  Cyanide  Extraction. — The  Actual  Extraction  by  Cyanide.  — 
Application  of  the  Process. — Leaching  by  Agitation. — Zinc  Precipitation 
of  Gold. — The  Siemens- Halske  Process. — Other  Cyanide  Processes. — Anti- 
dotes for  Cyanide  Poisoning. — Cyaniding  in  New  Zealand. 

"  Mr.  Park's  book  deserves  to  be  ra  nked  as  amongstthe  best  of  RXKTniQ  TRSATma 
ON  THIS  subject.'  — Mining  Journal.  • 


Second  Edition.     With  Illustrations.    Cloth,  Zs.  6d. 

GETTING    GOLD: 

A  GOLD-MINING  HANDBOOK  FOR  PRACTICAL  MEN. 
Br  J.    0.    P.   JOHNSON,   P.G.S.,   A.I.M.E., 

Life  Member  Australasian  Mine- Managers'  Association. 

General  Contents.— Introductory :  Getting  Gold— Gold  Prospecting: 
(Alluvial  and  General) — Lode  or  Reef  Prospecting — The  GencBiology  of  Gold- 
Auriferous  Lodes — Auriferous  Drifts— Gold  Extraction — Secondary  Processes- 
and  Lixiviation— Calcination  or  "  Roasting "  of  Ores — Motor  Power  and  its 
Transmission— Company  Formation  and  Operations — Rules  of  Thumb:  Mining- 
Appliances  and  Methods — Selected  Data  for  Mining  Men — Australasian  Mining 
Regulations. 

'  Practical  from  beginning  to  end    .    .    .    deals  thoroughly  with  the  Prospecting* 
Sinking,  Crushing,  and  Extraction  of  gold."— Brit.  Australasian. 


Pocket  Size,  Strongly  bound  in  Leather.    3s.  6d. 

THE  MINING  ENGINEERS'  REPORT  BOOK 

AND  DIRECTORS'  AND  SHAREHOLDERS'  GUIDE  TO  MINING  REP0RT8. 
By   EDWIN    R.    FIELD,   M.Inst.M.M. 

With  Nats*  on  the    Valuation  of  Mining   Property  and   Tabulating   Reports,   Useful 
tables,  Ac,  and  provided  with  detachable  blank  pages  for  M8.  Notes. 


"An  admirably  compiled  book  which  Mining  Engineers  and  Managers  will  find 
■BOLT  USEFUL."— Mining  Journal. 
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6b  CHARLES  GMIFM&  S  C0.%8  PUBLIC  A  TI0N8. 

In  Two  Volumes,  Large  8vo. 

WUh  Numerou$  Map*,  Plates,  and  Illustrations  m  the  Teal.    Price  4fii. 

PETROLEUM 

AND    ITS   PRODUCTS: 

JBL    PRACTICAL    TRE ATISB. 

BY 

Dr.     BOVERTOIT     REDWOOD, 

F.R.S.E.,  F.I.O.,  Assoc  RC.S, 

Wm.  Oorr.  Mem.  of  the  Imperial  Russian  Technical  Society ;  Hem.  of  the  Americas  Chemtssl 
Society ;  Adviatr  to  the  Conwratton  of  London  under  fbe  Petroleum 

Acts,  4c.,  Ac. 

▲smbtkd  by  GEO.  T.  HOLLOWAY,  F.I.C.,  Assoc  R.C.S., 

And  Numerous  Contributors. 

Gfimui  Contexts  —I.  General  H  storlcil  Account  of  the  Potrolenm  Industry.— IL 
Geological  an<i  Geographical  Distribution  of  Pe  roleum  an1  Natural  Gas  —III  Ohemleal 
and  Physical  Properties  of  Petroleum.— IV.  Origin  of  Petroleum  and  Natural  Gas— V. 
Production  of  Petroleum,  Narur*ffGt«,  and  Oz  >kerlte.— VI.  The  Refining  of  Pe  roleum. 
—VII.  The  Sha  e  Oil  ai«l  Allied  Industrie*.— VIII  Transport,  Storage,  and  Distribution 
of  Petroleun.— IX.  Testing  of  Petroleum  —X.  Application  and  Uses  of  Petroleum  —XI 
Legislation  on  Petroleum  at  Home  and  Abroad.— XII.  Statistic*  of  ihe  Petroleum  Pro- 
duction and  the  P«t roleum  Trade,  obtained  from  the  mo-it  trustworthy  and  offlci  1  sources. 

41  The  most  comprehensive  and  convkmint  accoukt  that  has  yet  appeared  of  a  gigantic 
industry  which  has  made  incalculable  addition*  to  the  comfort  of  civilised  man."— Tht 
Time*. 

"  A  spLtKDiD  contbtbutios  to  our  technical  literature."— Chemical  News. 


With  Plates  [One  Coloured)  and  Illustrations.     Price  8*.  Qd.  net. 

A     HANDBOOK     ON     PETROLEUM. 

FOR  INSPECTORS  UNDER  THE  PETROLEUM  ACTS, 

And  for  those  engaged  In  the  Storage,  Transport,  Distribution,  and 

Industrial  Use  of  Petroleum  and  its  Products,  and  of  Calcium 

Carbide.     With  suggestions  on  the  Construction  and 

Use  of  Mineral  Oil  Lamps. 

By    CAPTAIN   J.    H.    THOMSON, 

11.31.  Chief  Inspector  of  Explosives, 
AKD 

Dr.    BOVERTON    REDWOOD, 

Adviser  on  Petroleum  to  the  Home  Office  and  to  the  Corporation  of  London  under  the 

Petroleum  Acts. 

Cowtbnts.—  I.  Introductory.—  IT.  Sources  of  Supply.— III.  Production.—  IV.  Chemical  Pro- 
ducts, Shale  Oil,  and  Coal  Tar.-V.  Fla.nl.  point  and  Fire  Test— VI.  Testing— VII.  Existing 
Legislation  relating  to  Petroleum.  —VIII.  -  IX.  —Precautions  Necessary.— X.  Petroleum  Ou 
Lamps.— XL  Carbide  of  Calcium  and  Acetylene.— Appendices.— Index. 

11 A  volume  that  will  enrich  the  world's  petroleum  literature,  and  rerder  a  srrrlce  to  the 
British  branch  of  the  induhtry.  .  .  .  Reliable.  indiftpenstiblo,  a  brilliant  contribution,  *c. 
There  is  room  for  such  a  work,  and  we  hope  that  it  will  .secure  a  wide  circulation,  and  that  the 
aims  of  the  authors  will  bo  realised  with  financial  advantage  to  the  trade,  and  benefit  to  the 
oil  burning  public. "-Petroleum,  July  27th,  1901. 
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Thtw  X»moN.    With  Folding  Plates  tad  Many  IBmitiiUMii, 

Large  8to.    Handsome  Cloth.    36s. 

ELEMENTS    OF 

Metallurgy 

A  PRACTICAL  TREATISE  ON  THE  ART  OF  EXTRACTING  METALS 

FROM  THEIR  ORES. 


J.  ARTHUR  PHILLIPS,  M.Inst.O.E.,  F.C.S.,  F.G.R., 

AND 

H.  BATJERMAN,  V.P.G.S. 


GENERAL    CONTENTS. 


Refractory  Materials. 
Fire-days. 
Fuels, ,  4c. 

Aluminium, 

Copper. 
Tin. 


Antimony. 

Arsenic. 

Zinc. 

Mercury. 

Bismuth. 

Lead. 


Iron. 

Cobalt. 

KfckeL 

Silver. 

Gold. 

Platinum. 


•  • 


Many  votablb  additions,  dealing  with  new  Processes  and  Development*, 

will  be  found  in  the  Third  Edition. 


"  Of  the  Third  Edition,  we  are  still  able  to  say  that,  as  a  Text-book  of 

Metallurgy,  it  is  the  best  with  which  we  are  acquainted.*1— Engineer. 

"  The  value  of  this  work  is  almost  inestimable.  There  can  be  no  question 
that  the  amount  of  time  and  labour  bestowed  on  it  is  enormous.    .    •    •    There 

certainly  no  Metallurgical  Treatise  in  the  language  calculated  to  prove  of 
•och  general  utility." — Mining  Journal. 

"  In  this  most  useful  and  handsome  volume  is  condensed  a  large  amount  of 
valuable  practical  knowledge.  A  careful  study  of  the  first  division  of  the  book; 
em  Fuels,  will  be  found  to  be  of  great  value  to  every  one  in  training  for  the 
practical  applications  of  our  scientific  knowledge  to  any  of  our  metallurgical 
operations. " — A  thenaum. 

u  A  work  which  is  equally  valuable  to  the  Student  as  a  Text-book,  and  to  tb» 
practical  Smelter  as  a  Standard  Work  of  Reference.  .  .  .  The  Illustrations 
are  admirable  examples  of  Wood  Engraving. " — Chemical  New*. 
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STANDARD  WORKS  OF  REFERENCE 

for 

Metallurgists,  Mine-Owners,  Assayers,  Manufacturers, 

and  all  Interested  In  the  development  of 

the  Metallurgical  Industries. 

EDITED  BT 

Sir  W.  ROBERTS-AUSTEN,  K.C.B.,  D.C.L.,  F.R.S., 

AND  ASSAYER  TO  THE  ROYAL  MINT  |  PROFESSOR  OF  METALLURGY  » 
THE  ROYAL  COLLEGE  OF  SCIENCE. 

In  Largt  8tw,  Handsoms  CUtk.      With  Illustrations. 


INTRODUCTION   to   the    STUDY   of  METALLURGY. 

By  the  Editor.     Fifth  Edition.    (Seep.  63.) 

GOLD    (The    Metallurgy    of).      By   Thos.    Kirkk    Rose, 

D.Sc,  Assoc.  R.S.M.,  F.I.C.,  of  the  Royal  Mint.    Fourth  Edition. 
21s.     (See  p.  63.) 

LEAD    AND    SILVER    (The    Metallurgy   of).      By  H.  F. 

Collins,    Assoc. R.S.M.,    M.InstM.M.     Part   I.,   Lead,   16s;   Part 
II.,  Silver,  16s.     (See  p.  64.) 

IRON     (The     Metallurgy     of).        By    Thos.     Turner, 

Assoc.  R.S.M.,  F.I.C.,  F.C.S.     16s.     (See  p.  65.) 
STEEL     (The    Metallurgy    of).       By  F.   W.    Harbord, 

Assoc.  R.S.M.,  F.I.C.,  Chemist   to  the   Indian  Government.      (See 
p.  65.)  [Ready  shortly. 

Will  b*  Publish**  at  Short  Intervals. 

METALLURGICAL  MACHINERY  :  the  Application  of 
Engineering  to  Metallurgical  Problems.  By  Henry  Charles  Jenkins, 
Wh.Sc,  Assoc.  R.S.M.,  Assoc.  M.  Inst. C.E.,  of  the  Royal  College  of 
Science. 

ALLOYS.     By  the  Editor. 

*#*  Other  Volumes  in  Preparation. 
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GRIFFIN'S    METALLURGICAL    SERIES. 


Edition,  thoroughly  Revised  and  considerably  Enlarged.     Large 
8vo,  with  numerous  Illustrations  and  Micro-Photographic 
Plates  of  different  varieties  of  Steel. 

An  Introduction  to  the  Study  of 

METALLTJBG-Y. 

BY 

Sir  W.  ROBERTS-AUSTEN,  K.C.B.,  D.C.L.,  F.R.S., 

Associate  of  the  Royal  School  of  Mines :  Chemist  and  Assayer  of  the  Royal 
Mint;  Professor  of  Metallurgy  in  the  Royal  College  of  Science. 

GsarskAL  Contents.— The  Relation  of  Metallurgy  to  Chemistry.— Physical  Properties* 
off  Metals.— Alloys. — The  Thermal  Treatment  of  Metals.— Fuel  and  Thermal  Measurements. 
— Materials  and  Products  of  Metallurgical  Processes. — Furnaces. — Means  of  Supplying  Aur 
to  Furnaces. — Thermo  •Chemistry. — Typical  Metallurgical  Processes. — The  Micro-Structure 
of  Metals  and  Alloys. — Economic  Considerations. 

"  No  English  text-book  at  all  approaches  this   in  the  completeness  withr 
which  the  most  modern  views  on  the  subject  are  dealt  with.     Professor  Austen's* 
will  be  invaluable,  not  only  to  the  student,  but  also  to  those  whoso 
of  the  art  is  far  advanced." — Chemical  News, 


Fourth  Edition,  Revised,  Considerably  Enlarged,  and  in  part  Re- written- 

Including  the  most  recent  Improvements  in  the  Cyanide  Process. 

With  Frontispiece  and  numerous  Illustrations.    21s. 

THE  METALLURGY  OF  GOLD. 

BY 

T.  KIRKE  ROSE,  D.ScLond.,  Assoc.R.S.M., 

Assistant  Assayer  of  the  Royal  Mint, 

QWKMKAL  Contents.— The  Properties  of  Gold  and  its  Alloys.— Chemistry  of  Gold. — 
Mode  off  Occurrence  and  Distribution.— Placer  Mining.— Shallow  Deposits.— Deep  Placer 
Mining.  —  Quartz  Crushing  in  the  Stamp  Battery.— Amalgamation.  — Other  Forms  of 
Crushing  and  Amalgamating.— Concentration.— 8 tamp  Battery  Practice.— Chlorinatlon: 
The  Preparation  of  Ore.— The  Vat  Process.— The  Barrel  Process.— Chlorinatlon  Practice- 
in  Particular  Mills.— The  Cyanide  Process.— Chemistry  of  the  Process.— Pyritic  Smelting. 
— The  Refining  and  Parting  of  Gold  Bullion— The  Assay  of  Gold  Ores.— The  Assay  ot 
Bullkm— Economic  Considerations.— Bibliography. 

M  AoonraBBiirsivs  practical  trraiisi  on  this  important  subjeot"— Tht  Timet. 

"The  most  ooMrLBTB  description  of  tae  ohlokinatiok  process  which  has  yet  been  pub— 
U*k*L"~  Mining  Journal. 

M  Adapted  for  all  who  are  interested  in  the  Gold  Mining  Industry,  being  free  from  tech- 
nioatttiee  aa  f ar  as  possible,  bnt  is  more  particularly  of  value  to  those  engaged  iu  the* 
tadootry.'  —Cap*  Tim**. 
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Edited  by  SIR  W.  ROBERTS-AUSTEN,  K.C.B.,  F.R.S.,  D.C.L. 
In  Large  8vo.     Handsome  Cloth,     Wiik  Illustration*. 


In  Two  Volumes,  Each  Complete  in  Itself  and  Sold  Separately. 

THE  METALLURGY  OF  LEAD  AND  SILVER. 

By  H.  F.  COLLINS,  Assoc.R.S.M.,  M.Iusr.M.M. 

Part     I LEAD: 

A  Complete  and  Exhaustive  Treatise  on  the  Manufacture  of  Lead, 
with  Sections  on  Smelting  and  Desilverisation,  and  Chapters  on  the 
Assay  and  Analysis  of  the  Materials  involved.     Price  16s. 

Summary  of  Contents.— Sampling  and  Assaying  Lead  and  Silver.— Propertie  sad 
Compounds  of  Lead.— Lead  Ores.— Lead  Smelting.—  Re verberatoriea. — Lead  Smelting  to 
Hearths.— The  Roasting  of  Lead  Ores.— Blast  Furnace  Smelting;  Principles,  Practk*. 
and  Examples;  Pro  lucts.— Flue  Dust,  its  Composition,  Collection  and  Treatment' 
Costs  and  Losses,  Purchase  of  Ores.— Treatment  o  Zinc,  Lead  Sulphides,  DesilveriaaUon, 
Softening  anl  Running.— The  Pattinson  Process.— The  Parkes  Process.— Cupellation  aaa 
Refining,  Ac,  <fcc. 

"A  thoroughly  sound  and   useful   digest.      May  with   ZVXRY   OONFIDTOOI  bt 
recommended." — Mining  Journal. 


Part     II.— SILVER. 

Comprising  Details  regarding  the  Sources  and  Treatment  of  Silver 
Ores,  together  with  Descriptions  of  Plant,  Machinery,  and  Processes  of 
Manufacture,  Refining  of  Bullion,  Cost  of  Working,  &c.     Price  16s. 


8UMMA.RT  of  Contents.— Properties  of  Silver  and  its  Principal  Com  pounds.  - 
Ores.— The  Patio  Process.— The  Kazo,  Fondon,  Krohuke,  and  Tina  Processes.— The  Pas 
Process.— Roast  Amalgamation.— Treatment  of  Tailings  and  Concentration. — Retorting, 
Melting,  and  Assaying.—  Chlorodising-Roasting.— The  Augustin,  Claudet,  and  Zierrofel 
Processes.— The  llypo -Sulphide  Leaching  Process.— Refining.— Matte  Smelting. — Pyrttk 
Smelting.— Matte  Smelting  in  Re  verberatoriea. —Silver-Copper  Smelting  and  Renainf.— 
Index. 

"The  author  has  focussed  a  large  amount  of  valuable  information  Into 
convenient  form.    .    .    .    The  author  has  evidently  considerable  practical  experJanot, 
and  describes  the  various  processes  clearly  and  we\\."— Mining  Journal. 
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Second  Edition,  Revised.    Price  16s. 

THE  METALLURGY  OF  IRON. 

By  THOMAS  TURNER,  Assoc.R.S.M.,  F.I.C., 

Director  of  Technical  Instruction  to  the  Staffordshire  County  Council, 

In  Largs   8yo,  Handsome   Cloth,  With   Numerous   Illustrations 

(many  from  Photographs). 


Qmsral  Co******.— Early  History  of  Iron.— Modern  History  of  Iron.— The  Age  of  Steel 
— Chief  Iron  Ores.— Preparation  or  Iron  Ores  —The  Blast  Furnaoe.—  The  Air  need  in  the 
Blast  Farn  tee.— Reactions  of  the  Blast  Furnace.— The  Fuel  used  in  the  Blast  Furnaoe.— 
Slags  and  Faxes  of  Iron  Smelting.— Properties  of  Cant  Iron.— Foundry  Practice.— Wrought 
Iron.— Indirect  Production  or  Wrought  Iron.— The  Puddling  Process.— Farther  Treatment 
ef  Wrought  Iron.  -  Corrosion  of  Iron  and  Steel. 

'*  A  most  t alu able  summary  of  knowledge  relating  to  every  method  and  stage 
in  the  manufacture  of  cast  and  wrought  iron  .  .  .  rich  in  chemical  details.  .  .  . 
ExHAUsnvi.  and  thoroughly  up-to-date." — Bulletin  of  the  American  Iron 
smd  Steel  Association, 

•*  This  is  a  delightful  book,  giving,  as  it  does,  reliable  inibnnatien  om  a  subject 
■seeming  every  day  more  elaborate.1' — Colliery  Guardian. 

A  thoroughly  useful  book,  which  brings  the  subject  up  to  date.    Of 
lt  talue  to  those  engaged  in  the  iron  industry." — Mining  Journal. 
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IN   AQTIVE   PREPARATION. 

New  Volume  of  the   "Metallurgical  Series." 

THE  METALLURGY  OF  STEEL 

Br  F."  W.  HARBORD,   Assoc.RS.M.,   F.I.C., 

Consulting  Metallurgist  and  Analytical  Chemist  to  the  Indian  Government, 
Royal  Indian  Ewfineering  College,  Coopers  Hill. 

With  nearly  330  Illustrations  Comprising  Numerous  Diagrams 

of  Plant  and  Machinery,  reduced  from  Working  Drawings, 

and  a  Section  on  Mill  Practice 

By    J.    W.    HALL,    A.M.Inst.C.E. 


METALLURGIcir  MACHINERY : 

The  Application  of  Engineering  to  Metallurgical  Problems. 

Br  HENRY  CHARLES  JENKINS, 

Wh.Sc.t  Assoc.  R.S  M.t  Assoc.  M.Imt.C.E. 


*#*  For  Details  of  Works  on  Mining,  fee  pages  55-59. 
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A    TEXT-BOOK    OF    ASSAYING: 

f§r  tks  uss  of  Students,  Mine  Manajers,  Assay**,  eta. 
By  J.  J.  BERINGER,  F.I.G,  F.C.S., 

Pd^ABalyMfer,  awlI^ctttr«rtot^MuuacAMOC»t>o«o^  " 


And  C.  BERINGER,  F.C.S., 

Late  Chief  Asaayer  to  the  Rio  Tint©  Copper  Company, 

With  numerous  Tablet  and  Illustration*.      Crown  fro.     Cloth,  10/6, 

Seventh  Edition,  Revised  and  Enlarged. 

GvwnAL  CoNTOrra,  —  Part  I  —  Ikteoductokv  :  Manipulation:  Snmpfag; 
Drying ;  Calculation  of  Results—  Laboratory-books  and  Reports  Methods  :  Dry  Giari- 
metnc;  Wet  Gravimetric- Volumetric  Assays:  Tltrometrtc,  Colorfametric,  Gasomeoio- 
W  sighing  and  Measuring— Reagents—  Formulas,  Equations,  &c— Specific  Gravity. 

Past  II.— Metals  :  Detection  and  Assay  of  Silver,  Gold,  Platinum,  Mercury,  Copper, 
Lead,  Thallium,  Bismuth.  Antimony,  Iron,  Nickel.  Cobalt,  Zinc,  Cadmfaim,  Tin,  Tungstea, 
Titanium,  Manganese,  Chromium,  Ac—  Earths,  Alkalies. 

Past  III.— Non-Metals  :  Oxygen  and  Oxides ;    The  Halogens    Sulphur  and  Sol- 
Phosphorus,  Nitrogen—Silicon,  Carbon,  Boron— Useful  Tables. 


"A  avAXLT  MzaiTOKJOUS  won ar,  that  asay  be  safely  depended  upon  either  for  synenunc 
instruction  or  for  reference.*' — Nature. 

"  This  work  is  one  of  the  best  of  its  kind.  .  .  .  Contains  all  the  information  last 
the  Asaayer  will  find  necessary  in  the  examination  of  minerals.1*—  Eneinttr. 


Second  Edition,  Reviaed.    Handsome  Cloth.     With  Numerous 

Illustrations.     6s. 

A     TEXT-BOOK      OP 

ELEMENTARY   METALLURGY. 

Including  the  Author's  Practical  Laboratory  Course. 
By    A.    HUMBOLDT    SEXTON,    F.I.C.,  F.C.S., 

Professor  of  Metallurgy  in  the  Glasgow  and  West  of  Scotland  Technical  College, 

GENERAL  CONTENTS.— Introduction— Properties  of  the  Metals—  Combustion 
— Fuels—  Refractory  Materials— Furnaces—  Occurrence  of  the  Metals  in  Nature—  Pre- 
paration of  the  Ore  for  the  Smelter — Metallurgical  Processes — Iron :  Preparation  of 
Pig  Iron— Malleable  Iron— Steel— Mild  Steel— Copper— Lead— Zinc  and  tin— Silver 
— Gold — Mercury — Alloys — Applications  of  Electricity  to  Metallurgy — Labora- 
tory Course  with  Numerous  Practical  Exercises, 

"  Just  the  kind  of  work  for  Students  commencing  the  study  of  Metal- 
lurgy, or  for  Engineering  Students  requiring  a  general  knowledge  of  it,  er 
sor  Engineers  in  practice  who  like  a  handy  work  of  refer  encr.  To  all  thus 
elasset  we  iiuartily  commend  the  work." — Practical  Engineer. 

"  Excellently  got-up  and  well-arranged.  .  .  .  Iron  and  cupper  weH 
explained  by  excellent  diagrams  showing  the  stsges  of  the  process  from  start  to 
finish.  .  .  .  The  most  novel  chapter  is  that  on  the  many  changes  wrought 
in  Metallurgical  Methods  by  Electricity."—  Chemical  Trade  Journal. 

"  Possesses  the  great  advantage  of  giving  a  Course  or  Practical  Wore,* 
— Mining  Journal. 
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The  Art  of  the  Goldsmith  and  Jeweller 

A  Manual  on  the  Manipulation  of  Gold  In  the  Various 
Processes  of  Goldsmith's  Work,  and  the  Manu- 
facture of  Personal  Ornaments.    For 
Students  and  Practical  Men. 

By    THOS.    B.    WIGLEY, 

BuimilMr  of    the  Jawellen  ud    BllTartmlUu'   AaKWUUoo 
School,  Birmlnfham. 


J.    H.    STANSBIE,    B.Sc.  (Lokd.),    F.I.O., 

Lenta™:  at  the  Birmingham  Muulripil  Technical  School. 
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In  Lugs  8vq.      Handsome  Cloth.      Price  4a. 

TABLES     FOR 

QUANTITATIVE  METALLURGICAL  ANALYSIS. 

FOR   LABORATORY  USE. 


SOMMABr  or  CoNTI  NTS.— Iron  Onw.— Steel.  —  Limestone,  ft c— Boiler  In- 
enartatjona,  Clays,  and  Fire  bricks.— Blaat  Furnace  Slag,  Ac —Coal,  Coke, 
aad  Patent  Pool— Watar.— Geeee.- Copper. -Zino.— Lead.— Alloys.— White 
Laad.— Atomic  Weight*.— Factors.— Koagonts,  Ac. 

*»'  The  ebon  work  eonlalDe  several  hovil  naTunai,  notably  itae  rireiulOD,  to  quotl- 
tatlfo  aaalysls.  of  the  noicirut  of  ■iJiolp'  BKFAUTion,  hitherto  chiefly  oonimed  to 

etatlTt  >  otk,  ud  will  be  fooad  to  uauun  aauiu  the  operation*  of  Oaaxana, 
neat,  and  other*.— P*  iiiiArr'j  Aim. 
"  The  Author  may  be  txitami.Tmj.iwB  oa  Iha  mi  hli  work  ha*  been  carried  ni"- 

"  Will  anon  miu  bishlT  In  Laboratory  PraeUee.  lu  Mima  and  mi— ina 
aaark  the  book  rat  aa  a  highly  metal  one."— Mimtnf  Jmrmal. 

LONDON:  CHARLES  flRIFFIH  4  CO.,  LIMITED,  EXETER  STREET,  STRAND, 


7o  0BABLS3  QRIFFIN  it  CO.'S  PUBLICATIONS. 

A  SHOBT  MANUAL  OF 

INORGANIC   CHEMISTRY. 

BY 

A.   DUPRE,  Ph.D.,  F.R.S., 

AND 

WILSON    HAKE,  Ph.D.,  F.I.O.,  F.C.S., 

Of  the  Westminster  Hospital  Medical  School 
Third  Edition,  Revised,  Enlarged,  and  brought  up-to-date.     Price  9s.  net 


M  A  well-written,  clear  and  accurate  Elementary  Manual  of  Inorganic 
We  agree  heartily  with  the  system  adopted  by  Drs.  Dupre  and  Hake    Will  make 
mental  Work  trebly  interesting  bbcausb  intelligible."— Saturday  Rrwum. 

"There  is  no  question  that,  giren  the  pbrpbct  grounding  of  the  Student  in  his 
Che  remainder  comes  afterwards  to  him  in  a  manner  much  more  simple  and  easily  a 
The  work  is  an  example  of  the  advantages  op  the  Systematic  TnEATMBsrf  of  s 
Science  over  the  fragmentary  style  so  generally  followed.  Br  a  long  wat  tme  aasr  ef  flVt 
snail  Manuals  for  Student*.*— Analyst. 


LABORATORY  HANDBOOKS  B7  A  HUMBOLDT   SEXTON, 

Professor  of  Metallurgy  in  the  Glasgow  and  West  of  Scotland  Teohnioal  Collage. 


OUTLINES    OF    QUANTITATIVE    ANALYSIS. 

FOR  THE  USB  OF  STUDENTS* 

With  Illustrations.    Fourth  Edition.    Crown  8to,  Cloth,  3a. 

"  A  ooMTAcr  labobutobt  ouiDE  for  beginners  was  wanted,  and  tho 
6een  well  suFPLDED.    ...    A  good  and  useful  book.*'— Lancet. 


OUTLINES  OF  QUALITATIVE  ANALYSIS. 

FOR  THE  USB  OF  STUDENTS. 

With  Illustrations.   Thibd  Edition.    Crown  8yo,  Cloth,  3b,  6d. 

44  The  work  of  a  thoroughly  practical  chemist  "—British  Medical  JowrnaL 
—  Compiled  with  great  ears,  and  will  supply  a  want."— Journal  of , 


ELEMENTARY   METALLURGY: 

Including   the  Author's  Practical  Laboratory  Course.      With  man/ 

Illustrations.  [Saw  p .  Oft. 

Second  Edition,  Revised.    Crown  8vo.    Cloth,  6a. 


«• 


Just  the  kind  of  work  for  students  commencing  the  study  ef  metallurgy."— 
Practical  Engineer. 


I0ND0N :  CHARLES  GRIFFIN  ft  CO.,  LIMITED,  EXETER  STREET,  8TRAR0, 


CHEMISTRY  AND  TECHNOLOGY.  ff 

CHEMISTRY    FOR    ENGINEERS 
AND    MANUFACTURERS. 

A  PRACTICAL  TEXT-BOOK. 

BY 

BERTRAM   BLOUNT,    and  A.  G.  BLOXAM, 

F.I.Cj.  F.O.8.,  AasocInst.O.E.,  F.I.C.,  F.O.8., 

Consulting  Obemist  to  the  Grown  Agents  for  Consulting  Chemist,  Head  of  the  flhnmtrtrr 

the  Colonlei.  Department,  Ooldsmiths'  Inst, 

New  Cross. 

'With  Illustrations.    In  Two  Vols.,  Large  8vo.    Sold  Separately. 


"The  author*  hare  eucounio  beyond  all  expectations,  and  hare  produced  a  work  whisk 
should  give  VU8H  fowbb  to  the  Engineer  and  Manufacturer."— Ths  Tinua. 


1TOX«TJ]IKB2    I.      Prloa  lOeu  6d. 

CHEMISTRY  OF  ENGINEERING,  BUILDING,  AND 

METALLURGY. 

General  Contents.  —INTRODUCTION— Chemistry  of  the  Chief  Materials 
of  Construction— Sources  of  Energy— Chemistry  of  Steam-raising— Chemis- 
try of  Lubrication  and  Lubricants— Metallurgical  Processes  used  In  the 
Winning  and  Manufacture  of  Metals. 

**  Practical  throughout   .   .    .    an  admibablb  tsxt-booz,  nsefnl  not  only  to  Studenta, 
Imt  to  Exqixbibs  and  Maxaobbs  or  wobki  in  raanmive  wasti  and  ikpbotixo  raocaaua.  — 


"  En unHtiT  rEACTiOAL"— QUugow  Herald,  . .    , 

"A  book  worthy  of  high  baxz    .   .    .    its  merit  is  great   .    .   .    treatment  of  the  subject 

•f  OASBOtrs  vubl  particularly  good.    .    .    .    Watib  gas  and  the  production  clearly  worked  out, 

.    .    .    Altogether  a  most  creditable  production.   Wi  wabbly  bbcommbbd  it,  and  look  forward 

erlth  keen  Interest  to  the  appearance  of  VoL  11."— Journal  of  Gas  Lighting. 


THE   CHEMISTRY    OF    MANUFACTURING 

PROCESSES. 

Oeneral  Contents.  — Sulphurio  Add  Manufacture— Manufacture  of  Alkali, 
dse.— DestructlTe  Distillation -Artificial  Manure  Manufacture— Petroleum 
— Lime  and  Cement— Clay  Industries  and  (Haas— Sugar  and  Starch— Brewing 
And  Distilling— Oils,  Resins,  and  Varnishes— Soap  and  Candles— Textile* 
and  Bleaching  —  Colouring  Matters,  Dyeing,  and  Printing  —  Paper  and 
Pasteboard— Pigments  and  Paints— Leather,  Glue,  and  Slse— Explosive* 
and  Matches— Minor  Chemical  Manufactures. 


"Certainly  a  oood  and  usxvul  book,  constituting  a  raACTiGAL  ouidb  for  studenta  by 
affording  a  clear  ooneeption  of  the  numerous  proceeaee  a*  a  whole.'  *— CAmaserf  Trmds 


♦•We  oobudbbtlt  bbcommbbd  this  yolume  at  a  pbactioal,  and  not  orcrioadtd, 
~ -BOOK,  Of  omaAT  talus  to  students."— 7%s  Btdldsr. 


LONDOK:  CHARLE8  GRIFFIN  «  CO*  LIMITED,  EXETER  8TREET,  8TRAN0. 
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WQBKS  BY  A.  WTNTBR  BLYTH,  M.B.C.S.,  F.C.*\, 

tee-Lew,  FmbUe  Analyst  for  the  County  of  Devon,  And  Modioli  OAoor  of  Heal* ! 
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FOODS: 

THEIR  COMPOSITION  AND  ANALYSIS. 

In  Demy  8yo,  with  Elaborate  Tables,  Diagrams,  and  Plate*.     Handni 

Cloth.    Foubth  Edition.    Price  21a. 

GENERAL  CONTENTS. 
History  of  Adulteration— Legislation,  Past  and  Present — ApmrsssJ 
•sefnl  to  the  Food- Analyst — "Ash" — Sugar — Confectionery — Honey- 
Treacle— Jams  and  Preserved  Fruits— Starches — Wheatcn-Flour— Brisi 
—Oato— Barley— Rye-Rice  — Maiae  —  Millet  —  Potato— Peas— Chinew 
Peas  —  Lentils  —  Beans  —  Milk  —  Cream  —  Batter  —  Oleo-Margarine— 
Butterine — Cheese — Lard — Tea— Coffee— Cocoa  and  Chocolate — Alcohol- 
Brandy — Rum— Whisky — Gin — Arrack — liqueurs — Absinthe — Prmeinlsi 
ef  Fermentation  —  Yeast  —  Beer  —  Wine  — Vinegar — Lemon  and  Last 
Juice — Mustard— Pepper— Sweet  and  Bitter  Almond — Annatto— Olirs 
Oil  —  Water  —  Standard  Solutions  and  Reagents.  Appendix:  Text  of 
English  and  American  Adulteration  Acts. 

PRESS  NOTICES  OF  THE  FOURTH  EDITION. 

"  Simply  nn>r«r*KSABLi  in  the  Analyst's  laboratory."— Tht  Lane*. 

"Tn  Staxdaed  work  on  the  subject  .  .  .  Every  chapter  snd  every  page  gfrei 
atmndant  proof  of  the  strict  revision  to  which  the  work  has  boon  subjected.  .  .  .  Tot 
section  on  Milk  is,  we  believe,  the  most  exhaustive  study  of  the  subject  extant  ...  As 
VMsnusABLB  makdal  for  Analysts  and  Medical  Officer*  of  Health."— /Vo/ie  HoaUS. 

M  A  new  edition  of  Mr.  Wynter  Myth's  Standard  work,  kxyicbed  with  aix 
sosoovxaixs  amd  DiraovKMxifTS,  will  be  accepted  as  a  boon."— C^toWcof  " 


POISONS: 

THEIR  EFFECTS  AND  DETECTION. 

Tsnu>  Edition.     In  Large  8vo,  Cloth,  with  Tables  and  Illustrations. 

Price  21s. 

GENERAL    CONTENTS. 

I. — Historical  Introduction.  II. — Classification — Statistics — Connecties 
between  Toxic  Action  and  Chemical  Composition — Life  Tests — General 
Method  of  Procedure — The  Spectroscope — Examination  of  Blood  and  Bleos 
Stains.  III. — Poisonous  Gases.  IV. — Acids  and  Alkalies.  V. — Hen 
er  less  Volatile  Poisonous  Substances.  VI. — Alkaloids  and  Poisones* 
Vegetable  Principles.  VII. — Poisons  derived  from  Living  or  Dead  Animsi 
Substances.  VIiI. — The  Oxalic  Acid  Group.  IX. — Inorganic  Poisons. 
Appendix :  Treatment,  by  Antidotes  or  otherwise,  of  Cases  of  Poisoning. 

"  Undoubtedly  the  most  comflkts  woas  on  Toxicology  in  our  language."—  TKt  ilnslgisf  (m 
mU  Third  Edition).  — — ■- 

"As  a  rnACTiCAL  quids,  we  know  90  bbttbs  work."—  1  he  Lancet  (onth*  Third  MdUttmJ. 

•.•In  the  Tried  Edition,  Enlarged  and  i>artly  Re- written,  Nsw  Awalttical Mnraose save 
Seen  introdnoed,  and  the  Cadavibic  Alkaloids,  or  Ptomaisss,  bodies  playing  so  great  a  sort  Is 
food-poisoning  and  in  the  Manifestation*  of  Disease,  have  receired  special  attention, 

LONDON:  CHARLES  GRIFFIN  <ft  CO..  LIMITED,  EXETER  STREET.  STUMO. 
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With  Numerous  Tables*  and  22  Illustrations*     16s. 

DAIRY   CHEMISTRY 

FOB   HAIRY   MANAGERS,    CHEMISTS,  AND   ANALYSTS 

A  Practical  Handbook  for  Dairy  Chemists  and  others 

having  Control  of  Dairiesv, 

BY  H.   DROOP  RICHMOND,   F.C.S., 

CHBMIST  TO  THB  AYLH3BUKY  DAIRT  COMPANY. 

Contents. — I.  Introductory. — The  Constituents  of  Milk.  II.  The  Analysis  of 
Milk.  III.  Normal  Milk :  its  Adulterations  and  Alterations,  and  their  Detection. 
IV.  The  Chemical  Control  of  the  Dairy.  V,  Biological  and  Sanitary  Matters. 
VL  Butter.  VII.  Other  Milk  Products.  VIII.  The  Milk  of  Mammals  other 
than  the  Cow. — Appendices. — Tables. — Index. 

" .  .  .  In  our  opinion  the  book  is  the  best  contribution  on  the  subject  that 
HAS  YBT  appeared  in  the  English  language."— Lancet. 

"  The  author  has  succeeded  in  putting  before  the  reader  a  complete  book  on  Dairy 
Chemistry.  It  forms  a  complete  risumi  op  theoretical  and  practical  knowledge, 
written  in  easy,  intelligible  language." — The  Analyst. 


In  Large  8to.    Handsome  Cloth.     With  numerous  Illustration** 

In  Two  Volumes,  sold  separately.     Vol.  I.  now  Ready. 

Complete  in  Itself.     Price  15s. 

TECHNICAL  MYCOLOGY: 

THE     UTILISATION    OF    MICRO-ORGANISMS    IN     THE 

ARTS    AND    MANUFACTURES. 

A  Practical  Handbook  on  Fermentation  and  Fermentative  Processes  for  the  Use  of 

Brewer 8  and  Distillers,  Analysts,  Technical  and  Agricultural  Chemists, 

and  alt  interested  in  the  Industries  dependent  on  Fermentation. 

By    Dr.    FRANZ    LAFAR, 

Professor  of  Fermentation-Physiology  and  ^Bacteriology  in  the  Technical 

High  School,  Vienna. 

With  an  Introduction  by  Dr.  EMIL  CHR.  HANSEN,  Principal  of  the 

Carlsberg  Laboratory,  Copenhagen. 

Translated    bt   CHARLES    T.    C.    SALTER. 

"The  first  work  of  the  kind  which  can  lay  claim  to  completeness  in  the  treatment  of 
afaeeinating  subject.  The  plau  in  admirable,  the  classification  simple,  the  style  is  good, 
— "*  the  tendency  of  the  whole  volume  is  to  convey  sore  information  to  the  reader."— 


**  We  oeonot  sufficiently  praise  Dr.  Lafar'a  work  nor  that  of  his  admirable  translator. 
Ko  brewer  with  a  love  for  his  calling  can  allow  snch  a  book  to  be  absent  from  hia  library.'* 
—Brewer's  Journal,  New  York. 

*,*  The  publishers  trust  that,  before  long  they  will  be  able  to  present  English  readers 
with  the  second  volume  of  the  above  work,  arrangements  having  been  concluded  whereby, 
epoa  tta appearance  in  Germany  the  KngUsh  translation  will  bo  at  once  put  in  hand. 

LONDON :  CHARLES  GRIFFIN  &  GO,  LIMITED,  EXETER  STREET,  STRAND. 


/ 


74  OHARLMS  GMlsyiN  *  G0.*8  PUBLICATION*. 


r, 


In  Crown  8vo,   Handsome  Cloth.     Fully  Illustrated,      ios.   6d. 

FLESH    FOODS: 

With  Methods  for  their  Chemical,  Microscopical,  and  Bacterio- 
logical Examination. 

A  Practical  Handbook  for  Medical  Men,  Analysts,  Inspectors  and  others. 
By  C.  AINSWORTH  MITCHELL,  RA.(Oxon), 

Fellow  of  the  Institute  of  Chemistry;  Member  of  Council,  Society  of  Public  Analysts. 

With  Numerous  Tables,  Illustrations,  and  a  Coloured  Plate, 

Contents.— Structure  and  Chemical  Composition  of  Muscular  Fibre.— of 
Connective  Tissue,  and  Blood.— The  Flesh  of  Different  Animals. — The  Foramina- 
tion  of  Flesh. — Methods  of  Examining  Animal  Fat — The  Preservation  of  Flesh. 
— Composition  and  Analysis  of  Sausages. — Proteids  of  Flesh.— Meat  Extracts  and 
Flesh  Peptones. — The  Cooking  of  Flesh. — Poisonous  Flesh. — The  Animal  Para- 
sites of  Flesh. — The  Bacteriological  Examination  of  Flesh. — The  Extraction  and 
Separation  of  Ptomaines. — Index. 

•,•  This  work  is  a  complete  compendium  of  the  chemistry  of  amimal  tissubs.  It  coa> 
tains  directions  for  the  detection  of  morbid  conditions,  putrefactive  changes,  and  poisaoeu* 
or  injurious  constituents,  together  with  an  account  of  their  causes  and  effects. — Fmbiuktri 
Not*. 

"  A  compilation  which  will  be  most  useful  for  the  class  for  whom  it  is  intended."— Athenmim. 
"  A  book  which  NO  ONH  whose  duties  inrolre  considerations  of  food  supply  CAM  AFFORD  TO  ■■ 
WITHOUT."— Municipal  Jiumal. 


Just  out.    In  Large  8vo,  Handsome  Cloth.     Price  7s.  6d.  net. 

FERMEN  7"S 

AND        THEIR        ACXXOKTB. 

A  Text-book  on  the  Chemistry  and  Physics  of  Fermentative  Changes. 

BY 

CARL    OPPENHEIMER,    Ph.D.,    M.  D., 

Or  the  Physiological  Institute  at  Erlangen. 

Translated  from  the  German  bt 

C.   AINSWORTH   MITCHELL,   B.A.,   F.I.C.,   F.C.S. 

Abridged  Contents.— I.  Introduction.— II.  Definition  of  a  Ferment.— HI.  Chemical 
Nature  of  Ferments.— IV.  Influence  of  External  Factors.— V.  Mode  of  Action.— VI. 
Physiological  Action  of  Ferments.—  VII.  Secretion  of  Ferments.— VIII.  Importance  of 
Ferments  to  Vital  Action.— IX.  Proteolytic  Ferments.— X.  Trypsin.— XI.  Bacteriolytic 
and  Hemolytic  Ferments.— XII.  Vegetable  Ferments.— XIII.  Coagulating  Ferments,— 
XIV.  Saccharifying  Ferments.— XV.  Animal  Diastases.— XVI.  Polysaccharides.— XVII. 
Enzymes.— XVIII.  Ferments  which  decompose  Olucosides.— XIX.  Bydroly  tic  Ferments. 
—XX.  Lactic  Acid  Fermentation.— XXI.  Alcoholic  Fermentation.— XXII.  Biology  of 
Alcoholic  Fermentation.— XXIII.  Oxydases.— XXIV.  Oxidising  Fermentation.— Bibli- 
ography. —I  NDKX. 

The  present  Translation  embodies  Notes  and  Additions  to  the  Work 
made  by  the  Author  subsequent  to  its  Publication  In  Germany. 


LONDON :  CHMILE8  GRIFFIN  *  CO.,  LIMITED,  EXETER  STREET,  STRAND. 
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Ib  Large  8vo.     Handsome  Cloth.    Price  21s. 

THE   PRINCIPLES   AND    PRACTICE  OF 

BREWING. 

FOR  THE  USE  OF  STUDENTS  AND  PRACTICAL  MEN. 


BT 


WALTER  J.  SYKES,  M.D.,  D.P.H.,  F.I.C., 


EDITOR  OF  "THB  ANALYST.' 


With  Plate  and  Illustrations. 


ABSTRACT  OF  CONTENTS. 


I.  Physical  Principles  involved 
in  Brewing:  Operations. 
Chemistry  with  special  re- 
ference to  the  materials 
used  in  Brewing:. 
II.  The  Microscope. 
Vegetable  Biology. 


Fermentation. 

III.  Water. 

Barley  and  Malting:. 

Brewery  Plant 

Brewing. 

Beer  and  its  Diseases. 

Appendices. 

Index. 


**  A  Totame  of  Brewtnf  8cience,  which  has  long  been  awaited.  .  .  .  We  consider  it  one 
of  m  most  cojcrurrs  in  coHTBVTS  and  worst,  m  AMtAHOBMBHT  thai  hai  jet  been  published. 
.    .    .    Will  command  a  large  sale."— 27*  Brewer$'  Journal. 

"The  appearance  of  a  work  such  as  this  serves  to  remind  as  of  the  BiroaMOUSLT  i>afid 
jlbtabcm  made  in  onr  knowledge  of  the  Scieutiflc  Principles  underlying  the  Brewing  Processes. 
...  Dr.  Sykea'  work  will  undoubtedly  b*<  of  the  griatwt  amistavcs,  not  merelyio  Brewers, 
bos  to  all  Chemists  and  Biologists  interested  in  the  problems  which  the  fermentation  industries 
present,"— The  Analyst, 

"The  publication  of  Da.  Sykss'  majtsklt  tkbatisb  on  the  art  of  Brewing  is  quite  an  event 
la  the  Brewing  World.  .  .  .  Deserves  our  warmest  praise.  ...  A  better  guide  than  Dr. 
Sykss  oould  hardly  be  found."— County  Brewert'  GaxetU. 


In  Large  8vo.     Handsome  Cloth. 

AGRICULTURAL  CHEMISTRY  AND  ANALYSIS : 

A  PRACTICAL  HANDBOOK  FOR  THE  USE  OF  AGRICULTURAL  81UDENTS. 

BY 

J.    M.   H.   MUNJRO,    D.Sc,    F.I.C.,    F.C.S. 

Professor  of  Chemistry,  Downton  College  of  Agriculture. 

[/»  Preparation, 

LDIDON :  CHARLES  GRIFFIN  *  CO.,  LIMITED,  EXETER  STREET,  STRAND. 


j6  CHARLES  0BIFFIN  <*  OO.'S  PUBLICATIONS. 

With  Tables,  Illustrations  in  the  Text,  and  37  Lithographic  Plate*,    Medina 

Svo.     Handsome  Cloth,     30c 

SEWAGE  DISPOSAL  WORKS: 

A  Guide  to  the  Construction  of  Works  for  the  Prevention  of  the 
Pollution  by  Sewage  of  Elvers  and  Estuaries. 

By  W.  SANTO    CRIMP,   M.Inst. C.E.,  F.G.S., 

Late  Assistant-Engineer,  London  County  Council. 

« 

Second  Edition,  Revised  and  Enlarged. 


PART  L— Introductory.    Part  II.— Sewage  Disposal  Works  in 
Operation— Their  Construction,  Maintenance,  and  Cost. 

Illustrated  by  Plates  showing  the  General  Plan  and  Arrangement  adopted 

in  each  District. 

*»•  Worn  the  fact  of  the  Author's  having,  for  some  years,  had  charge  of  the  Mail 
Brainage  Works  of  the  Northern  Section  of  the  Metropolis,  the  chapter  on  Lomdom  will  Is 
found  to  contain  many  important  details  which  would  not  otherwise  nave  been  available. 

"  All  persons  interested  in  Sanitary  Science  owe  a  debt  of  gratitude  to  Mr.  Crimp.    .  .  . 
His  wan  will  be  especially  useful  to  Sahita»y  AoTMoarrms  and  their  aa>risars   .   .  . 
sarrLT  fkactical  ahd  USEFUL    .    .    .    gives  plans  and  descriptions  of  many  of  tw 
DtroaTAKT  sbwagb  woaas  of  £nghmd    .    .    .    with  very  valuaUe  intoswMsian  at  t» 


af  oaastractkm  and  working  of  each.    .    .    .    The  carefully-prepared  dsmwiags  per- 


■  -  «»  *  ■  . J¥_  ■  •  M  *.  *  If  fl>  * 

■aaajr  sbbt  sanj.  SaaaaTW  g^BaaalBaala^BfeCau    EaaavawSaaaBa  Cue  SuaTEmK  avwaaTkBaawssaM      ^^■^.MaaaaaCarnB 

"  Prabably  the  most  com  flbte  and  bsst  trbatisb  oa  the  aaatect  which  has  appeared 
in  our  language     .    .  Will  prove  of  the  greatest  use  to  all  who  have  the  problem  of 

Sewage  Disposal  to  fcoe." — Edinburgh  Medical  Journal. 


In  Crown  8vo,  Extra.    With  Illustrations.      8s.  6d. 

CALCAREOUS    CEMENTS: 

THEIR  NATURE,  PREPARATION,  AND  USES. 


By  GILBERT  R.   REDGRAVE,   Assoc.   Inst.   C.E., 

Assistant  Secretary  for  Technology,  Board  of  Education,  South  Kensington. 

General  Contents. — Introduction — Historical  Review  oi  the  Cement 
Industry— The  Early  Days  of  Portland  Cement — Composition  of  Portland 
Cement— Processes  of  Manufacture — The  Washmill  and  the  Backs- 
Flue  and  Chamber  Drying  Processes — Calcination  of  the  Cement  Mixture- 
Grinding  of  the  Cement — Composition  of  Mortar  and  Concrete — Cement 
Testing  —  Chemical  Analysis  of  Portland  Cement,  Lime,  and  Raw 
Materials — Employment  of  Slags  for  Cement  Making  —  Scott's  Cement, 
Selenitic  Cement,  and  Cements  produced  from  Sewage  Sludge  and  the 
Refuse  from  Alkali  Works  —  Plaster  Cements  —  Specifications  for  Portland 
Cement — Appendices  (Gases  Evolved  from  Cement  Works,  Effects  of  Sea- 
water  on  Cement,  Cost  of  Cement  Manufacture,  &c,  &c.) 

"  A  work  calculated  to  be  of  orbat  and  extended  xmLm."— Chemical  Jftvt, 
"  Ibtvaluabls  to  the  Student,  Architect,  and  Engineer. "-Building  AVtcj. 
**  A  work  of  the  greatest  ikterkot  and  csKrtrufE&s,  which  appear*  at  a  vary  orlttoel 
parted  of  the  Cement  Trade."— A-i*.  Trad*  Journal. 
"  Will  be  useful  to  axx  interested  In  the  mavuvactubs,  use,  and  tsstxxo  of  Cemanta."— 


LONDON :  CHARLES  GRIFFIN  &  CO.,  LIMITED,  EXETER  STREET,  STRAND. 


OMMMISTMT  AND  TMONNOLOQT.  jy 


IN  ACTIVE  PREPARATION. 

Beautifully  Illustrated,  uHth  Numerous  Platte,  Diagram*,  and 

Figures  im  the  Text. 


TRADES'   WASTE: 

ITS   TREATMENT   AND   UTILISATION. 

With   Special  Reference  to  the  Prevention  of  Rivera  Pollution. 

A  Handbook  fop  Borough  Engineers,  Surveyors,  Architects 

and  Analysts* 

By    W.    NAYLOR,    F.O.S.,    A.M.  Inst.  C.E. 

Contents.— I.  Introduction.— II.  Chemical  Engineering.— III.— Wool  De-greasing 
And  Grease  Recovery.— IV.  Textile  Industries;  Calico  Bleaching  and  Dyeing.— V.  Dyeing 
and  Calico-Printing.—  VI.  Tanning  and  Fellmongery.— VII.  Brewery  and  Distillery 
Waste.— VIII.  Paper  Mill  Refuse. —IX.  General  Trades' Waste.— Index. 

"Aims  at  setting  forth  the  causes  of  rivers  pollution,  and  the  best  known  means  of 
preventing  nucli  pollution  economically.  .  .  An  attempt  has  been  made  to  point  oat 
the  principleH,  characteristics,  and  advantages  of  the  various  systems  of  treatment"— 
Author's  Pre/act. 


Second  Edition,  Revised  and  Enlarged,  with  New  Section  on 
Acetylene.    Fully  Illustrated.    10s.  6d. 

THE    CHEMISTRY    OF 

GAS     MANUFACTURE. 

A  Hand-Book  on  the  Production,  Purification,  and  Testing  of  Illuminating 
Gas,  and  the  Assay  of  the  Bye-Products  of  Qas  Manufacture. 

For  the  Use  of  Students. 

BY 

W.  J.  ATKINSON  BUTTERFIELD,  M.A.,  F.I.C.,  F.C.S., 

Formerly  Head  Chemist,  Gas  Works,  Beckton,  London,  K 


General  Contents. — I.  Raw  Materials  for  Gas  Manufacture.— II.  Coal 
Oas.— III.  Carburetted  Water  Gas.— IV.  Oil  Gas.— V.  Enriching  by  Light 
Oils.— VI.— Final  Details  of  Manufacture.— VII.  Gas  Analysis.— VIII. 
Photometry. — IX.  Applications  of  Gas. — X.  Bye-Products. — XI.  Acetylene. 
— Index. 

**  The  best  WORK  of  its  kind  which  we  have  ever  had  the  pleasure  of  re- 
viewing."— Journal  of  Gas  Lighting. 

"  Amongst  works  not  written  in  German,  we  recommend  before  all  others, 
Butterfield's  Chemistry  of  Gas  Manufacture." — Chcmiker  Zeitung. 

LONDON :  CHARLES  GRIFFIN  ft  CO.  LIMITED,  EXETER  STREET,  STRAND. 


1*  0BARLM8  QRJFFIN  A  OO.'B  PUBLICATIONS. 

Eighth  Edition,  Revised.    Price  6s, 

PRACTICAL  SANITATION: 

A  HAND-BOOK  FOR  SANITARY  IN8PEGT0R8  AND  OTHEM 

INTERESTED  IN  SANITATION. 

By  GEORGE    REID,   M.D,   D.P.H., 

Follow,  Menu  Council^  and  Examiner,  Sanitary  Institute  of  Groat  Briimm, 
and  Medical  Officer  to  the  Staffordshire  County  Council 

TWUtb  an  appendix  on  Santtarg  Xaw/ 

By    HERBERT    MAN  LEY,    M.A.,    M.B.,    D.P.H., 

Medical  Officer  0/ Health  for  the  County  Borough  of  Wort  Brontwick, 

Gknekal  Contents.— Introduction— Water  Supply:  Drinking  Water, 
Pollution  of  Water— Ventilation  and  Waiming  —  Principles  of  Sewage 
Removal  —  Details  of  Drainage  ;  Refuse  Removal  and  Disposal — Sanitary 
and  Insanitary  Work  and  Appliances — Details  of  Plumbers' Work — Hook 
Construction  —  Infection  and  Disinfection  —  Food,  Inspection  of;  Chan* 
•eristics  of  Good  Meat;  Meat,  Milk,  Fish,  &c,  unfit  for  Human  Food- 
Appendix  :  Sanitary  Law ;  Model  Bye-Laws,  &c 

"  Dr.  Reid's  very  useful  Manual  .  .  .  abounds  in  practical  detail" 
— British  Medical  Journal. 

"  A  very  useful  Handbook,  with  a  very  useful  Appendix.    We  recommend 
it  not  only  to  Sanitary  Inspectors,  but  to  Householders  and  all  int 
fa  Sanitary  matters." — Sanitary  Record, 


COMPANION    VOLUME    TO    REID'S    SANITATION. 

In  Crown  8vo.    Handsome  Cloth.    Profusely  Illustrated.     8s.  6d.  net. 

Sanitary  Engineering: 

A  Practical  Manual  of  Town  Drainage  and  Sewage  and  Refuse  Disposal. 

For  Sanitary  Authorities,  Engineers,  Inspectors,  Architects, 
Contractors,  and  Students. 

BY 

FRANCIS  WOOD,  A.M.Inst.CE.,  F.G.S., 

Borough  Surveyor,  Fulham ;  late  Borough  Engineer,  Bacup,  Lanes. 


GENERAL    CONTENTS. 
Introduction. — Hydraulics.— Velocity  of  Water  in  Pipes. — Earth  Pressures  and  Retaining 


Walls. — Powers.— House  Drainage.  -  Land  Drainage. — Sewers. — Separate  System.  - 
Pumping. — Sewer  Ventilation. — Drainage  Areas.— Sewers,  Manholes,  &c. — Trade  Refuse- 
Sewage  Disposal  Works.— Bacteriolysis.— Sludge  Disposal.— Construction  and  Cleansing 
of  Sewers.— Refuse  Disposal.— Chimneys  and  Foundations. 

av  LONDON:  CHARLE8  GRIFFIN  *  CO.,  LIMITED,  EXETER  8TREET,  8TRAR0. 


CHEMISTRY  AND  TECHNOLOGY.  79> 

Important   New  Work. 

In  Two  Volumes,  Large  Svo.     Strongly  Bound. 

TABLES   AND    DATA 

FOR  THE  USE  OF  ANALYSTS,  PHYSICISTS,  CHEMICAL 
MANUFACTURERS,  AND  SCIENTIFIC  CHEMISTS. 

Volume  I.— Chemical  Tables. 
Volume  II.— Physical  Tables. 

By  Prof.    J.    CASTELL-EVANS,   F.I.C.,    F.C.S.,. 

Finsbury  Technical  College. 

The  Tables  may  almost  claim  to  be  exhaustive,  and  embody  and  collate  all  the  most 
ecent  data  established  by  experimentalists  at  home  and  abroad.     The  volumes  will  be- 
fotutd  invaluable  to  all  engaged  in  research  and  experimental  investigation  in  Chemistry  and 
Physics. 

*•*  This  important  Work  comprehends  as  far  as  possible  all  rules  and  tables 
required  by  the  Analyst,  Brewer,  Distiller,  Acid-  and  Alkali- Manufacturer,  &c.  &c  ;  and 
also  the  principal  data  in  Thkrmo-Chkmistry,  Electro-Chrmistky,  and  the  various 
branches  of  Chemical  Physics  which  are  constantly  required  by  the  Student  and  Worker  in 
Original  Research.  Every  possible  care  has  been  taken  to  ensure  perfect  accuracy,  and  ts* 
include  the  results  ef  the  most  recent  investigations. 


In  Large  Svo.    Handsome  Cloth.    Beautifully  Illustrated.     With 
Plates  and  Figures  in  the  Text.     21a. 

Road  Making  and  Maintenance: 

A    PBACTICAL    TREATISE    FOB    ENGINEERS, 

SURVEYORS,     AND     OTHERS. 

With  an  Historical  Sketch  of  Ancient  and  Modern  Practice. 

By  THOS.  AITKEN,  AssocM.Inst.C.E., 

Membar  of  the  Association  of  Municipal  and  County  Engineers;  Member  of  the  8anltary 
Inst ;  Surveyor  to  the  County  Council  of  Fife.  Cupar  Division. 

WITH  NUMEROUS   PLATE8,    DIAQRAM8,    AND   ILLUSTRATIONS. 


Content*. — Historical  Sketch. — Resistance  of  Traction. — Laying  out- 
New    Roads.  —  Earthworks,  Drainage,   and    Retaining    Walls.  — Road 
Materials,  or  Metal. — Quarrying. — Stone  Breaking  and  Haulage. — Road- 
Rolling  and  Scarifying. — The  Construction  of  New,  and  the  Maintenance 
of  existing  Roads. — Carriage  Ways  and  Foot  Ways. 

"The  Literary  style  is  ■xcblumtt.  .  .  .  A  compeihbhsivi  and  ixcbllbwt  Modern  Book,  an 
vr-vc-DATS  work.  .  .  .  Should  be  on  the  reference  shelf  of  every  Municipal  and  County 
Engineer  or  Surveyor  in  the  United  Kingdom,  and  of  every  Colonial  Engineer."— TA«  Surveyor. 


LONDON:  CHARLE8  GRIFFIN  *  CO.,  LIMITED,  EXETER  8TREET,  STRAND. 
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Painters' 
Colours,  Oils,  &  Varnishes: 


Bv  GEORGE    H.    HURST,   F.CS., 

Member  ef  the  Society  of  Chemical  Industry;  Lecturer  on  the  Tedwoloay < 

rnlmin  TTilw,  Mil  Vmniihn  tfis  MiiBiripal  Tnrtiniwl  TrhmT  Mail 

Third  Edition,  Revised  and  Enlarged-     With  Illustrations.     12s.  6d. 

General  Contents.— Introductory— The  Composition,  Manufactuii, 
Amay,  and  Analysis  of  Pigments,  White,  Red,  Yellow  and  Orange,  Ones, 
Woe,  Brown,  and  Black— Lakes— Colour  and  Paint  Machinery— Paint  Vehkfa 
(OUs,  Turpentine,  Ac.,  Ac. )— Driers— Varnishes. 

"  This  useful  book  wQl  prore  most  valpablb.**—  Chemical  iWpaw. 

"  A  practical  manual  m  every  respect     .     .     .     wcimniCLY 
tectioa  on  Varnishes  is  the  most  reasonable  we  hare  met  with."—  Chemist , 

"  Vsxv  valuable  information  is  given."— Plumber  and  Decerater, 

"  A  thoroughly  practical  book,    ...    the  omly  English  work  that 

of  the  manufacture  of  oils,  colours,  and  pigments.** — Chemical  Trade?  yemrmaL 

*#*  For  Mr.  Hurst's  Garment  Dyeing  and  Cleaning,  see  p.  84. 


WORKS  BY  DR.  ALDER  WRIGHT,  F.R.S. 

Fixed  Oils,  Fats,  Butters, 

and  Waxes: 

THEIR  PREPARATION  AND  PROPERTIES, 

and  the 

MANUFACTURE    THEREFROM    OF  CANDLES, 
SOAPS,  AND  OTHER  PRODUCTS. 

BY 

C   R.   ALDER  WRIGHT,   D.Sc.,   F.R.S., 

Late  Lecturer  on  Chemistry.  St.  Marv's  Hospital  Medical  School;  Kxamiaerm  MS 

to  the  City  and  Guilds  of  London  Institute. 

In  Large  8va     Handsome  Cloth.    With  144  Illustrations.     28s. 

"  Dr.  W bight's  work  will  be  feuad  absolutely  monraitSABLS  by  ev 
Tbbms  with  information  valuable  alike  to  the  Analyst  and  the  Technical 
The  Analyst. 

"Will  rank  as  the  Standamd  English  Authority  on  Oils  and  Fats  tar 
to  come.** — Industries  mud  /rem. 
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Painting  and  Decorating: 

A   Complete  Practical  Manual  for  House 
Painters  and  Decorators. 

BY 

WALTER    JOHN    PEARCE, 

uorraiB  ▲*  «n  KAvoanTBs  ncmau.  •ohool  to*  Houui-PAarmio  avd  DBoojunira. 
In  Crown  8vo.  extra.    With  Numerous  Illustrations  and  Plata 
(tome  in  Colours),  including  Original  Designs,     12s,  6d. 


GENERAL    CONTENTS. 

Introduction— Workshop  and  Stores— Plant  and  Appliances— Brushes  and 
Tools— Materials :  Pigments,  Driers,  Painters'  Oils— Wall  Hangings— Paper 
Hanging— Colour  Mixing — Distempering — Plain  Painting — Staining— Varnish 
end  Varnishing— Imitative  Painting  —  Graining — Marbling — Gilding— Sign- 
Writing  and  Lettering— Decoration  :  General  Principles — Decoration,  in  Dis- 
temper— Painted  Decoration  — Relievo  Decoration — Colour — Measuring  and 
Estimating — Coach-Painting— Ship-Painting. 

"A   THOROUGHLY   USEFUL   BOOK     .      .      .      gives    GOOD,   SOUND,   PRACTICAL 

OTPOBMATION  in  a  clear  and  concise  form.  .  .  .  Can  be  confidently 
recommended  alike  to  Student  and  Workman,  as  well  as  to  those  carrying  on 
business  as  House -Painters  and  Decorators." — Plumber  and  Decorator. 

"A  THOROUGHLY  GOOD  AND  RELIABLE  TEXT-BOOK.      .     .      .      So   FULL  and 

complete  that  it  would  be  difficult  to  imagine  how  anything  further  could  be 
added  about  the  Painter  b  craft.'1 '—  Builder?  Journal. 


SECOND  EDITION.     Crown  8vot  Htmdsonu  CUth.    zu. 

Including   all  the   Newer  Developments  In    Photographic   Methods, 

together  with  Special  Articles  on  Radiography  (the  X-Rays), 

Colour  Photography,  and  many  New  Plates. 

PHOTOGRAPHY: 

ITS  HISTORY,  PROCESSES,  APPARATUS,  AND  MATERIALS. 

.a.   :p:Efc.A.CTic.A.ii   2*a:jL.25rTJJL.Tj. 

Comprising  Working  Details  of  all  the  More 

Important  Methods. 

By    A.    BROTHERS,    F.R.A.S. 

WITH  NUMEROUS  FULL-PAGE  PLATES  BY  MANY  OF  THE  PRO- 
CESSES DESCRIBED.  AND  ILLUSTRATIONS  IN  THE  TEXT. 

"A  standard  work  on  Photography  brought  quite  up-to-date." — Photography. 

"  A  highly  informative  book.  .  .  .  We  can  cordially  recommend  the  volume  as  a 
worthy  addition  to  any  library." — British  Journal  of  Photography. 

"  Pre-eminently  a  sound  practical  treatise  on  Photography  written  by  a  practical  worker 
of  file-long  experience." — Leeds  Mercury. 

''The  illustrations  are  of  great  beauty." — Scotsman. 
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Si  0BASLM8  GRIFFIN  4  OO.'B  PUBLICATIONS. 

§10.  THE  TEXTILE   INDUSTRIES. 

In  Two  Large  Volume*,  920  pp.,  with  a  Supplementary  Volume, 
containing  Specimen*  of  Dyed  Fabrics.    45*. 

A    MANUAL    OF    DYEING: 

FOR   THE  USE  OF  PRACTICAL  DYERS,  MANUFACTURERS,  STUDENTS, 
AND  ALL  INTERESTED  IN  THE  ART  OF  DYEING. 

BY 

K.  KNECHT,  Ph.D.,  F.I.C.,  CHR.  RAWSON,  F.I.C.,  F.C.S., 


_,  ei  4k*  Ohasolstry  and  Dyataff  Department  of         Lata  Haad  of  th«  Chamlstzr  and  Dyainf 
Tsslielssl  School.  Mancboatar;  Editor  of  "Tha         ©C  tba  Technical  CoUafa,   Bradford;    Moat*  4 
Jasmale  tkeSootatj  of  Dy«r*  and  Colourbta ; "  ConnoU  of  thsSoeUtyof  Dyon  and  Ooloaxtato; 

And  RICHARD  LOEWENTHAL,  Ph.D. 

General  Contents. — Chemical  Technology  of  the  Textile  Fabrics— 
Water — Washing  and  Bleaching  —  Acids,  Alkalies,  Mordants — Natural 
Colouring  Matters— Artificial  Organic  Colouring  Matters— Mineral  Colom 
— Machinery  used  in  Dyeing — Tinctorial  Properties  of  Colouring  Matters— 
Analysis  and  Valuation  of  Materials  used  in  Dyeing,  &c,  &c. 

**  The  most  valuable  and  csetul  woek  on  Dyeing  that  has  yet  appeared  in  the  Enf°* 
language  .  .  .  likely  to  be  the  Stamdaed  Woex  of  Kkv-krevce  for  yean  to  coma"— 
TemUi*  Merturu. 

41  This  authoritative  and  exhaustive  work  .  .  .  the  most  complete  we  have  yet  Met 
en  the  eubject"— Textile  Manufacturer. 

14  The  most  exhaustive  and  complete  woek  on  the  enbjeet  extant"—  Textile  Recorder. 


Companion  Volume  to  Knecht  <£•  Rawsoris  "  Dyeing. "    In  Large  8vo. 
Handsome  Cloth,  Library  Style.     16s.  net. 


DYES,  MORDANTS,  &  OTHER  COMPOUNDS 

USED  IN  DYEING  AND  CALICO  PRINTING. 

With  Formula*,  Properties,  and  Applications  of  the  various  substances  described, 

and  conoise  directions  for  their  Commercial  Valuation, 

and  for  the  Detection  of  Adulterants. 

By  CHRISTOPHER  RAWSON,  F.I.C.,  P.C.S., 

Consulting  Chemist  to  the  Bettor  Indigo  Planters'  Association  :   Co-Author  of  "  A  Manual 

of  Dyeing;" 

WALTER  M.  GARDNER,  F.C.S., 

Head  of  the  Department  of  Chemistry  and  Dyeing,  Bradford  Municipal  Technical  College ; 

Editor  or  the  "  Journ.  Soc.  Dyers  and  Colouriste ; " 

And  W.  F.  LAYCOCK,  Ph.D.,  F.C.S., 

Analytical  and  Consulting  Chemist. 

"  Turn  to  the  be  ok  •■  one  may  on  any  subject,  or  any  substance  in  connection  with  the 
trade,  snd  a  reference  is  sure  to  be  found.  The  authors  have  apparently  left  nothing  out 
Considering  ihe  immense  amount  of  information,  the  book  is  a  cheap  one,  and  we  trust  it 
will  be  widely  appreciated."—  Textile  Mercury. 

LONDON:  CHARLE8  GRIFFIN  ft  CO..  LIMITED,  EXETER  8TREET,  8TRAND. 


THE  TEXTILE  INDUSTRIES.  S3 

JUST  OUT.    In  Large  8vo,  Handsome  Cloth,  with  Numerous 

Illustrations, 

TEXTILE   FIBRES. 

A   HANDBOOK   OF 
^The  Occurrence,  Distribution,  Preparation,  and  Industrial 

Uses  of  the  Animal,  Vegetable,  and  Mineral 
Products  used  in  Spinning  and  Weaving. 

BY 

WILLIAM     I.     HANNAN, 

Lecturer  on  Botany  at  the  Afthton  Municipal  Technlc  »1  School,  Lecturer  on  Cotton 
Spinning  at  the  Ohorley  Science  and  Art  School,  Ac. 

With  Numerous  Photo  Engravings  from  Nature. 

*#*  The  subjects  discussed  in  this  volume  are,  in  order  to  facilitate 
reference,  arranged  in  alphabetical  order  under  their  respective  heads.  The 
work  may  thus  be  regarded  as  a  Dictionary  on  Textile  Fibres.  A  feature  of 
the  work  is  the  wealth  of  botanical  description  which  accompanies  the 
Section  dealing  with  Vegetable  Fibres. — Publishers'  Note. 


TEXTILE    PRINTING: 

A  PRACTICAL   MANUAL. 

Including  the  Processes  Used  in  the  Printing  of 

COTTON,   WOOLLEN,    SILK,   and  HALF- 

SILK  FABBICS. 

By  C.  F.  SEYMOUR  ROTHWELL,  F.C.S., 

Mm*.  Bos.  «/  Chemical  Industries;   Imts  Lecturer  at  ths  Municipal  Technical  8*9*1, 

Manchester. 

In  Large  8vo,  with  Illustrations  and  Printed  Patterns.     Price  21a 


General  Contents.  —  Introduction.  —  The  Machinery  Used  in  Textile 
Printing. — Thickeners  and  Mordants. — The  Printing  of  Cotton  Goods. — The 
8team  style. — Colours  Produced  Directly  on  the  Fibre.— Dyed  Styles.— 
Padding  style.— Resist  and  Discharge  Styles.— The  Printing  of  Compound 
-Colourings,  &c— The  Printing  of  Woollen  Goods.— The  Printing  of  Silk 
Goods.  —  Practical  Recipes  for  Printing.  —  Appendix.  —  Useful  Tables.  — 
Patterns. 

*'  Bt  jab  ths  best  and  mow  practical  book  on  tbxtilb  Faurroia  which  has  yet  been 
fcrooght  out,  and  will  long  remain  the  standard  work  on  the  aubjeot  It  la  essentially 
practical  In  character."— 7Vx/i/«  Mercury. 

"  Tn  most  nucncAL  manual  of  tbxtilb  fbiwtixg  which  has  yet  appeared.  We  have 
ao  beeltatioa  In  reoommending  it"— Ths  Textile  Manufacturer. 

tONDON:  CHARLES  GRIFFIN  &  CO..  LIMITED,  EXETER  8TREET.  8TRAN0. 
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CHARLES  GRIFFIN  aft  C0.9S  PUBLICATIONS. 


Eighteenth  Annual  Issue.    Handsome  cloth,  7s.  6d. 

(To  Subscribers,  6s.). 

THE     OFFICIAL     YEAR-BOOK 


or 


SCIENTIFIC  AND  LEARNED  SOCIETIES  OF  GREAT  BRITAIN 

AND  IRELAND. 

OOMPILSD  FROM  OFFICIAL  BOUBOSa 

Comprising  [together  with  other  Official .  Information)  LISTS  ef  tfc 
PAPERS  read  during  the  Session  1900-1901  before  all  the  LEADIM 
SOCIETIES  throughout  the  Kingdom  engaged  in  the  following  Depart- 
ments of  Researoh  :— 

f  «.  Science  Generally:  £#.,  Societies  occupy- 
ing thomselres  with  several  Branches  of 
Science,  or  with  Science  and  literatim 
Jointly. 

%  sw  Ms£hesnaticB  and  Physics. 

I  j.  CWnmiilij  and  Photography. 

f  4.  Geology,  Geography,  and  Mueralogy. 

1  f.  Biology,  including  Microscopy  and  An- 
thropology. 


f  6.  Economic  Science  and  Statistics. 

|  7.  Mechanical  Science,  Engineering,  ■»• 


f  t.  NavalandMffii 
f  9.  Agriculture 
f  xo.  Law. 
I  ix.  Literatnre. 
lis.  Psychology. 

1x3. 


ftihtary 
and  He 


Archaeology. 


§14.  Medicine. 


"Fills  a  very  real  want." — Engitieering 

"  Indispensable  to  any  one  who  may  wish  to  keep  himself 
abreast  of  the  scientific  work  of  the  day." — Edinburgh  Medical 
Journal. 


use  for 


"  The  Y ear-Book  or  Socibtibs  u  a  Record  which  ought  to  be  of  the  neatest  ose  lor 
the  progress  of  Science. n—L*rd  Pimjg/kir,  F.R.B.,  X.C.B.,  M.P.,  P—t-PrtsuUnffti* 
British  A$mcimtun. 


"It  goes  almost  without  saying  that  a  Handbook  of  this  subject  will  be  in  thee 
one  of  the  most  generally  useful  works  far  the  library  or  the  desk."—  Tk$  Tim**. 

"British  Societies  are  now  well  represents*  [p  the  'Year- Book  of  the  Scientific  aad 

Learned  Societies  of  Great  Britain  and  Ireland.  "WArt.  "  Societies  -  in  New  Editions! 
"  Encyclopaedia  Britannica,"  vol.  xxii.) 

Copies  of  the  First  Issue,  giving  an  Account  of  the  History, 
Organization,  and  Conditions  of  Membership  of  the  variooi 
Societies,  and  forming  the  groundwork  of  the  Series,  may  still  be 
had,  price  7/6.     Also  Copies  of  the  Issues  following. 

The  y«a^booi^^socibties  forms  a  complete  index  to  the  scientific  woek  of  the 

•sessional  year  in  thevanouslJepartments.  It  is  used  as  a  Handbook  in  all  our  great 
Scientific  Centres,  Museums,  and  Libraries  throughout  the  Kingdom,  and  has  become 
-an  indispensable  book  of  rrferbnce  to  every  one  engaged  in  Scientific  Work. 

READY  IN  OCTOBER  EACH  YEAR. 

#%  Owing  to  the  alteration  of  the  date  of  publication  of  this  work,  so  as 
to  mike  its  appearance  coincident  with  the  commencement  of  the  Sessional 
year,  the  present  volume  contains  (as  far  as  possible)  lists  of  all  papers  read 
fcetween  January  I,  1900,  and  June  30,  1901  (eighteen  months). 

LONDOH:  CHMU.E&  QMFHH  *  CO.,  LIMITED,  EXETER  STREET,  8TRANL 


% 


\ 


M^MtlA 


